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FOWEWARD 
The fo l lowfng  r e p o r t  summarizes t h e  work completed d u r i n g  
a  t h r e e  phase t h e o r e t i c a l  and exper imental  r e s e a r c h  program con- 
ducted a t  I-IYDRONAUTTCS, Inco rpo ra t ed ,  E igh t  p rev ious  t e c h n i c a l  
r e p o r t s  have been i s sued -  cover ing va r ious  a s p e c t s  of  t h e  program. 
The program was conceived wi th  pr imary emphasis on t h e  e v a l u a t i o n  
of t h e  performance of tandem row pump induce r s  f o r  u s e  i n  r a t h e r  
"convent iona l"  l i q u i d  f u e l e d  r o c k e t  engine systems such a s  t h o s e  
used i n  t h e  v e r y  s u c c e s s f u l  Sa tu rn  V l aunch  v e h i c l e  which has  
al lowed man, i n  t h e  person of  t h e  Apollo As t ronauts ,  t o  l a n d  on 
and exp lo re  t h e  moon. By "convent iona l"  i t  i s  meant t h a t  t h e  
launch v e h i c l e  i s  in tended  f o r  a  s i n g l e  miss ion and i s  n o t  r e -  
covered and used a g a i n .  The t o t a l  f i r i n g  t ime  r e q u i r e d  o f  t h e  
p ropu l s ion  system f o r  such a  r o c k e t  i s  measured i n  minutes .  
Recent emphasis f o r  f u t u r e  space  e x p l o r a t i o n  has been s h i f t e d  
toward t h e  a s  y e t  undeveloped "space s h u t t l e  v e h i c l e f ' .  The 
space s h u t t l e  has  been c h a r a c t e r i z e d  a s  t h e  "DC-3"  of  t h e  space  
a g e ,  I t  i s  in tended a s  t h e  key t o  an  economical space  t r a n s -  
p o r t a t i o n  system f o r  u s e  wi th  e a r t h  o r b i t a l  space  s t a t i o n s .  With 
t h e  s h u t t l e ,  s i g n i f i c a n t  p o r t i o n s  of  t h e  launch v e h i c l e  and t h e  
space  c r a f t  i t s e l f  would be complete ly  r ecove rab l e .  The space  
c r a f t ,  which would be capab le  of  making s o f t - l a n d i n g s  on a i r -  
p o r t  s t y l e  runways i s  in tended  f o r  a  minimum of 30 f l i g h t s  and 
a  d e s i r e d  100 f l i g h t s .  The r e u s a b l e  requirement  p u t s  a  new s e t  
o f  c o n s t r a i n t s  on t h e  rue l / ox id i ze r  turbopump system. I n  pa r -  
t i c u l a r ,  wi th  regard  t o  t h e  inducer ,  t h e  problem of c a v i t a t i o n  
damage t o  m a t e r i a l s  becomes a  s e r i o u s  c o n s i d e r a t i o n .  Some com- 
ments on t h i s  a s p e c t  o f  t h e  problem a r e  p resen ted  i n  t h e  r e p o r t .  
The p r e s e n t  r e p o r t ,  being t h e  f i n a l  summary of a  r a t h e r  
long and involved s tudy,  con ta in s  some m a t e r i a l  excerpted from 
pr*evio-us r e p o r t s  on t h e  p ~ o j e c t  a s  neces sa ry  t o  produce a  con- 
c i s e  s t a t emen t  of t h e  problem and approach taken  i n  a t t emp t ing  
s o l u t i o n .  I n  a d d i t i o n  much new m a t e ~ i a l  n o t  p r e v i o u s l y  r e p o r t e d  
i s  presented. 
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V e l o c i t y  f a r  downstream of cascade 
v e l o c i t y  
Axial  v e l o c i t y  upstream of hub 
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R 
a/c 
m 
n  
n  
m 
n  
P  
p s i  
Axia l  v e l o c i t y  
S w i r l  v e l o c i t y  
Change i n  s w i r l  v e l o c i t y  
I n l e t  t a n g e n t i a l  v e l o c i t y  
Cascade parameter  ( ~ e f .  18, 26) 
Chord l e n g t h  
S o l i d i t y  of a  Cascade 
Cycles pe r  second 
F o i l  spac ing  i n  cascade 
Acce l e r a t i on  due t o  g r a v i t y  
Gallons p e r  minute 
Thermal conduc t iv i t y ,  r a t i o  of model t o  p r o t o t y p e  
s t r e s s  
Camber i n d i c e s  f o r  two, t h r e e ,  and f i v e  term 
and c i r c u l a r  a r c  cambers 
Cavi ty  l e n g t h  
Cavi ty  length/chord r a t i o  
Exponent 
R o t a t i o n a l  speed in -  RPM, number of  b lades ,  exponent 
R o t a t i o n a l  speed i n  model, RPM 
R o t a t i o n a l  speed i n  p ro to type ,  RPM 
Pounds per  squa re  i nch  
Radius 
T ip  r a d i u s  
Revolut ions  per  minute 
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F o i l  t h i c k n e s s  a t  t h e  20 pe rcen t  chord 
I n l e t  v e l o c i t y  r e l a t i v e  t o  b lade  
Ou t l e t  v e l o c i t y  r e l a t i v e  t o  b lade  
Blade coo rd ina t e  
Axial  coo rd ina t e  
Angle of  a t t a c k  
D i r e c t i o n  of f low f a r  downstream of cascade 
Chord l i n e  a n g l e  of a t t a c k  
Inflow a n g l e  r e l a t i v e  t o  a x i a l  d i r e c t i o n  
( s t a g g e r  a n g l e )  
Outflow a n g l e  r e l a t i v e  t o  a x i a l  d i r e c t i o n  
Mean flow a n g l e  r e l a t i v e  t o  a x i a l  d i r e c t i o n  
C i r c u l a t i o n  
C i r c u l a t i o n  p e r  b l a d e  
E f f i c i ency ,  d imens ion less  r a d i a l  coo rd ina t e  
Hub/diameter r a t i o ,  hyd rau l i c  e f f i c i e n c y  
Vel/ut. r a t i o  of i n l e t  t a n g e n t i a l  v e l o c i t y  
t o  t i p  speed 
Dimensionless a x i a l  coo rd ina t e  
Non-dimensional a x i a l  e x t e n t  r a t i o  
3 14159 
F lu id  mass d e n s i t y  
Liquid d e n s i t y  
F lu id  mass d e n s i t y  i n  model 
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0 B.M. 
Flu id  mass d e n s i t y  i n  p ro to type  
Vapor d e n s i t y  
C a v i t a t i o n  number o r  s t r e s s  
Bending s t r e s s  i n  b l ade  
Local c a v i t a t i o n  number 
Tip  c a v i t a t i o n  number 
Flow c o e f f i c i e n t ,  Vf /ut 
0 
2 Head c o e f f i c i e n t  = ~ H / u ~  
F i r s t  s t a g e  head c o e f f i c i e n t  
Second s t a g e  head c o e f f i c i e n t  
R o t a t i o n a l  speed,  r ad i ans / s ec .  
2 Head l o s s  c o e f f i c i e n t  = ~ ~ H J u ~  
I n f i n i t y  
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1 . 0  I N T R O D U C T I O N  
The i n l e t  o p e r a t i n g  cond i t i ons  of  a  pump i n c l u d i n g  i n l e t  
n e t  p o s i t i v e  s u c t i o n  head, r o t a t i v e  speed, and t o t a l  d i s c h a r g e  
may be combined t o  form t h e  parameter ,  s u c t i o n  s p e c i f i c  speed 
def ined ,  by Equation [ 1 1 ,  
N = n v  Q 
SS NPSH 3/4 
Although no t  d imensionless ,  t h i s  parameter ,  i n  common use  
throughout  pumping l i t e r a t u r e ,  may be shown by dimensional  con- 
* 
s i d e r a t i o n s  (1) t o  i n d i c a t e  t h e  combination of i n l e t  o p e r a t i n g  
cond i t i ons  which w i l l  g i v e  s i m i l a r  flow and c a v i t a t i o n  p a t t e r n s  
i n  machines which a r e  g e o m e t r i c a l l y  s i m i l a r .  For a  g iven  d i s -  
charge, h igh  s u c t i o n  s p e c i f i c  speed pumps r e s u l t  when e i t h e r  
r o t a t i o n a l  speed i s  i nc rea sed  o r  i n l e t  NPSH i s  decreased .  Both 
changes r e s u l t  i n  s i g n i f i c a n t  system weight r e d u c t i o n s  when t h e  
pumps under c o n s i d e r a t i o n  a r e  being used a s  f u e l  o r  o x i d i z e r  
pumps i n  l i q u i d - f u e l e d  r o c k e t  engine  systems ( 2 ) .  Reductions 
i n  t h e  p ropu l s ion  system weight can be u t i l i z e d  f o r  a  l a r g e r  
payload which i s  normal ly  on ly  a  smal l  pe rcen tage  of t o t a l  ve- 
h i c l e  weight .  As an example, cons ider  t h e  S a t u r n  V launch ve- 
h i c l e  used f o r  manned l u n a r  miss ions  i n  t h e  NASA Apollo program. 
* Numbers i n  pa ren theses  r e f e r  t o  r e f e r e n c e s  l i s t e d  a f t e r  
t h e  t e x t .  
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The t o t a l  launch weight of  t h e  S a t u r n  V i s  6,262,500 pounds wi th  
an  escape payload of on ly  100,000 pounds. I n  t h i s  case ,  a  de- 
c r e a s e  of on ly  1/2 pe rcen t  i n  launch v e h i c l e  weight could r e s u l t  
i n  a  30 p e r c e n t  i n c r e a s e  i n  payload.  
The t h r e e  s t a g e  S a t u r n  V u se s  l i q u i d  f u e l s  and o x i d i z e r s  
wi th  EOX/hydrocarbon f u e l  i n  t h e  f i r s t  s t a g e  and LOX/LH2 i n  t h e  
second and t h i r d  s t a g e s .  By f a r  t h e  l a r g e s t  p h y s i c a l  components 
o f  such a  system a r e  t h e  p r o p e l l a n t  t anks  whose wa l l  t h i c k n e s s  
i s  determined p r i m a r i l y  by t a n k  p r e s s u r e  ( 3 ) .  Lower p r o p e l l a n t  
t ank  p r e s s u r e s  and t h e r e f o r e ,  lower pump NPSH al low lower ve- 
h i c l e  weight .  With h ighe r  r o t a t i v e  speeds,  t h e  s i z e  and weight  
of  t h e  f u e l  pumps a r e  a l s o  reduced and t h e  p o s s i b l e  need f o r  
speed r e d u c t i o n  components between t u r b i n e s  and pumps e l imina t ed .  
These weight r e d u c t i o n s  through t h e  u s e  o f  lower p r e s s u r e s  
and h i g h e r  speeds a r e  no t ,  however, achieved wi thout  accompanying 
t e c h n i c a l  problems. Requi r ing  t h e  fuel /oxidizer** pumps t o  op- 
e r a t e  a t  h igh  va lues  of s u c t i o n  s p e c i f i c  speed r e s u l t s  i n  c a v i t a -  
t i o n  of  t h e  pump i m p e l l e r s ,  I n  o r d i n a r y  pump exper ience,  an  
N va lue  of 8000 o r  more r e s u l t s  i n  c a v i t a t i o n  causing v i b r a -  
SS 
t i o n ,  n o i s e ,  impe l l e r  damage, and a  decrease  i n  d i s c h a r g e  and 
e f f i c i e n c y .  The problem of  pumping a t  h igh  N has  however, 
SS 
been l a r g e l y  a l l e v i a t e d  through t h e  u s e  of pre-pumping s t a g e s  
c a l l e d  " inducers"  which o p e r a t e  r a  t h e r  s a t i s f a c t o r i l y  even wi th  
** Sometimes r e f e r r e d  t o  on ly  a s  f u e l  pumps. 
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e x t e n s i v e  c a v i t a t i o n .  A t y p i c a l  inducer  c o n s i s t s  of a  h igh  
s o l i d i t y ,  a x i a l  flow i m p e l l e r  w i th  a  smal l  number of b l a d e s .  The 
b l ade  form u s u a l l y  approximates a  s imple  h e l i x .  Inducers  a r e  
g e n e r a l l y  l o c a t e d  immediately upstream of t h e  main f u e l  pump and 
o p e r a t e  a t  t h e  same rpm on t h e  same s h a f t  a s  t h e  main pump r o t o r .  
The problems of  low e f f i c i e n c y  and c a v i t a t i o n  damage t o  t h e  i m -  
p e l l e r  b lades  a r e  n o t  r e s t r i c t i v e  i n  t h e  a p p l i c a t i o n  of  i nduce r s  
t o  r o c k e t  f u e l  pumps s i n c e  t h e  inducer  produces on ly  a  smal l  p e r -  
cen tage  of t h e  t o t a l  head r i s e  of t h e  f u e l  pump and t h e  o p e r a t i n g  
l i f e t i m e  of t h e  u n i t  i s  s h o r t  enough t h a t  l i t t l e  damage can occur .  
Th is  i s  n o t  t r u e  i n  t h e  case  of t h e  r e u s a b l e  space  " s h u t t l e "  
v e h i c l e  r e c e n t l y  proposed a s  t h e  key t o  an economical space  t r a n s -  
p o r t a t i o n  system. The s h u t t l e  i s  in tended t o  be r e u s a b l e  f o r  a  
minimum of 30 and a  d e s i r e d  100 f l i g h t s .  I n  t h i s  c a s e  i m p e l l e r  
and ca s ing  damage due t o  c a v i t a t i o n  becomes impor tan t  ( s e e  Fore-  
ward t o  t h i s  r e p o r t ) .  
% 
Even i n  t h e  ca se  of  t h e  "one-time" o r  non-reusable  engine,  
however, t h e  problem of f low i n s t a b i l i t i e s  i s  very  s i g n i f i c a n t  
a s  a  l i m i t i n g  cond i t i on  f o r  a c c e p t a b l e  inducer  o p e r a t i o n .  Model 
t e s t s  and ope ra t i ng  exper ience  (4,5,6,7) have shown t h a t  under 
c e r t a i n  o p e r a t i n g  cond i t i ons  t h e  d i s cha rge  and head r i s e  a c r o s s  
an inducer  may f l u c t u a t e  v i o l e n t l y  r e s u l t i n g  i n  corresponding 
eng ine  t h r u s t  f l u c t u a t i o n s  c o n t r i b u t i n g  t o  t h e  s o - c a l l e d  " ~ o g o "  
e f f e c t .  The unsteady motions and a c c e l e r a t i o n s  caused by t h e  
t h r u s t  f l u c t u a t i o n s  p rov ide  an unaccep tab le  environment f o r  
d e l i c a t e  equipment and a s t r o n a u t  crews. I n  a d d i t i o n ,  low f r e -  
quency o s c i l l a t i o n s  may occur  a t  o r  nea r  t h e  s t r u c t u r a l  n a t u r a l  
f requency  . 
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One method suggested f o r  reducing o r  e l iminat ing  t h e  i n s t a -  
b i l i t i e s  and f l u c t u a t i n g  output of t h e  inducer i s  the  use of a  
tandem row inducer whose f i r s t  s t age  opera tes  a t  t h e  design suc- 
t i o n  s p e c i f i c  speed but d e l i v e r s  only a  f r a c t i o n  of the  t o t a l  
inducer head r i s e ,  thus  operat ing with g r e a t e r  s t a b i l i t y .  The 
second s t age  of t h e  inducer consequently operates  a t  a  lower 
suc t ion  s p e c i f i c  speed and should a l s o  d e l i v e r  the  remaining 
head r i s e  with g r e a t e r  s t a b i l i t y .  This concept has been used 
by 3ther  i n v e s t i g a t o r s  (8,9,10,11) .  
I n  t h e  present  study, the  nominal prototype f u e l  pumps f o l -  
lowing the  inducers  may be a x i a l  o r  c e n t r i f u g a l  and cryogenic 
f u e l s  o r  ox id ize r s  a r e  being pumped. The p r o p e r t i e s  of c a v i t a t i n g  
flows i n  cmyogenic f l u i d s  a re  such t h a t  modelling the  flows i n  
water i s  a  conservat ive procedure, t h a t  i s ,  flows i n  cryogenic 
f l u i d s  a re  more l i k e l y  t o  be s t a b l e  than s i m i l a r  flows i n  water .  
One f a c t o r  which con t r ibu tes  t o  the  s t a b i l i t y  of cryogenic c a v i t y  
flows i s  l o c a l  cool ing a t  the  c a v i t y  boundary ( 3 ) .  This l o c a l  
cooling r e s u l t s  i n  a  l i q u i d  f i l m  a t  t h e  vapor cav i ty  w i t h  a  lower 
vapor pressure  than t h a t  of the  bulk f l u i d ,  Reference 3 p resen t s  
the  following equat ion f o r  t h i s  l o c a l  vapor pressure drop: 
where 
K depends on the  hydrodynamics of the  flow, 
- dp i s  t h e  slope of the  vapor pressure  temperature curve dT 
a t  the  bulk l i q u i d  temperature of i n t e r e s t ,  
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U = a  c h a r a c t e r i s t i c  v e l o c i t y ,  
v  
and pL a r e  t h e  vapor and l i q u i d  d e n s i t i e s ,  
k = t h e  thermal  c o n d u c t i v i t y  of t h e  l i q u i d ,  
L  = h e a t  r e q u i r e d  f o r  v a p o r i z a t i o n ,  and 
C = s p e c i f i c  h e a t  of  t h e  f l u i d .  
S 
The l a s t  two terms a r e  h e a t  t r a n s f e r  f a c t o r s .  The exponents 
m and n a r e  dependent on t h e  h e a t  t r a n s f e r  p rocess  accompanying 
c a v i t a t i o n .  Ventur i  experiments ( 3  ) have e s t a b l i s h e d  t h e  va- 
l i d i t y  of t h i s  r e l a t i o n s h i p .  The vapor p r e s s u r e  drop f o r  water  
a t  o r d i n a r y  room temperatures  i s  n e g l i g i b l e ,  t h e  drop f o r  most 
cryogenic  f l u i d s  however i s  s i g n i f i c a n t .  I f  water,  however, were 
0 
superheated t o  450 F i t s  l o c a l  vapor p r e s s u r e  drop would be  s i m i -  
l a r  t o  t h a t  o f  l i q u i d  Ha a t  -4.23'~. Lower vapor p r e s s u r e  a t  t h e  
c a v i t y  s u r f a c e  means t h a t  t h e  l o c a l  c a v i t a t i o n  number of t h e  
flow de f ined  a s :  
i s  a c t u a l l y  h ighe r  than  one would c a l c u l a t e  based on t h e  bu lk  
f l u i d  vapor p r e s s u r e .  Higher c a v i t a t i o n  numbers coprespond t o  
lower Nss va lues  and nominal ly  more s t a b l e  f lows.  T e s t s  u s i n g  
h e l i c a l  i nduce r s  ( 3 , 9 )  have f u r t h e r  v e r i f i e d  t h e  f a c t  t h a t  f low 
breakdown i n  l i q u i d  H2 i s  much delayed over  t h a t  of  water  a t  sim- 
i l a r  i n l e t  c o n d i t i o n s .  By t h e  same reason ing ,  i t  should be  
unders tood t h a t  t h e  development o f  f u l l y  " s u p e r c a v i t a t i n g "  flow 
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such a s  i s  r e q u i r e d  by des igns  p resen ted  l a t e r  i n  t h i s  r e p o r t  i s  
a l s o  delayed t o  lower c a v i t a t i o n  numbers (h ighe r  Nss v a l u e s )  than  
i n d i c a t e d  i n  t h e  d a t a  f o r  water  t e s t s .  
The o p e r a t i n g  cond i t i ons  chosen t o  govern t h e  des ign  and 
t e s t i n g  of t h e  p r e s e n t  tandem row induce r  were a s  fo l lows :  
@ flow c o e f f i c i e n t  = 0 . 1 0  
0 
11/ t o t a l  head c o e f f i c i e n t  = 0 .25  
N s u c t i o n  s p e c i f i c  speed = 30,000. 
ss 
An innova t ion  of t h e  p r e s e n t  tandem row des ign  i s  t h e  u se  
of a  s u p e r c a v i t a t i n g  (12 )  f i r s t  s t a g e .  The s u p e r c a v i t a t i n g  s t a g e  
i s  one whose b lade  form i s  d e l i b e r a t e l y  designed t o  produce l a r g e  
s t a b l e  s u c t i o n  s i d e  vapor c a v i t i e s  sp r ing ing  from t h e  b l ade  l ead -  
i n g  edge and c o l l a p s i n g  beyond t h e  t r a i l i n g  edge. The second 
s t a g e  i s  designed a s  a  h i g h  s o l i d i t y  h igh  head a x i a l  flow r o t o r  
o p e r a t i n g  wi th  minimum c a v i t a t i o n .  
C a v i t a t i n g  cascade performance i s  p r e sen t ed  i n  terms of t h e  
c a v i t a t i o n  number whi le  c a v i t a t i n g  pump performance i s  p re sen t ed  
u s ing  t h e  common parameter  of s u c t i o n  s p e c i f i c  speed.  The two 
a r e  r e l a t e d  i n  t h e  fo l lowing  manner. Assuming an  a x i a l  flow 
machine wi th  no p r e r o t a t i o n ,  t h e  i n l e t  c a v i t a t i o n  number w i l l  
va ry  i n  t h e  r a d i a l  d i r e c t i o n .  For purposes of comparison, t h e  
t i p  c a v i t a t i o n  number w i l l  be used s i n c e  i t  r e p r e s e n t s  t h e  lowest  
va lue  of any r a d i a l  l o c a t i o n .  The t i p  c a v i t a t i o n  number i s  de- 
f i n e d  a s :  
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H - H 
s t a t i c  vapor 
C T , ,  = 
where 
w~ i s  t h e  v e l o c i t y  of flow r e l a t i v e  t o  t h e  i m p e l l e r  
b l ade .  
Suc t ion  s p e c i f i c  speed i s  no t  d imensionless  and i s  de f ined  by 
Equation [ 11, 
where 2 
VP 
NPSH = Hsta t ic  H vapor 
Combining t h e s e  two r e l a t i o n s h i p s  and f u r t h e r  u s i n g  t h e  d e f i n i -  
t i o n  of  flow c o e f f i c i e n t ,  
v f_  
One may o b t a i n  t h e  fo l lowing  r e l a t i o n s h i p  between o T and Nss f o r  
a n  a x i a l  flow machine w i th  a  60 pe rcen t  hub. 
For o t h e r  hub-diameter r a t i o s ,  t h e  cons t an t s  i n  t h e  above equa- 
t i o n  w i l l  change. F igu re  l shows t h e  s o l u t i o n  of  Equation [7] 
f o r  a  v a r i e t y  of t i p  c a v i t a t i o n  numbers and flow c o e f f i c i e n t s .  
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Two c h a r a c t e r i s t i c s  o f  t h i s  r e l a t i o n s h i p  should be no ted .  F i r s t ,  
t h e r e  e x i s t s  a n  optimum flow c o e f f i c i e n t  f o r  which a  maximum 
va lue  of  N can be ob ta ined  f o r  each t i p  c a v i t a t i o n  number. 
SS 
Secondly, f o r  each flow c o e f f i c i e n t  t h e r e  e x i s t s  a  t h e o r e t i c a l  
maximum p o s s i b l e  s u c t i o n  s p e c i f i c  speed which occurs  when t h e  t i p  
c a v i t a t i o n  number ( i . e .  i n l e t  s t a t i c  p r e s s u r e )  i s  ze ro .  T h i s  
maximum p o s s i b l e  N i s  s t r o n g l y  dependent on m o .  F igu re  2 shows 
SS 
t h e  i n f l u e n c e  of flow c o e f f i c i e n t  i n  s u c t i o n  s p e c i f i c  speed f o r  
va r ious  hub/diameter r a t i o s  assuming a  cons t an t  t i p  c a v i t a t i o n  
number at = 0.010.  The purpose i n  i n t roduc ing  t h e s e  r e l a t i o n -  
s h i p s  i s  t o  c l a r i f y  t h e  o p e r a t i n g  regime of t h e  inducers  p r e s -  
e n t l y  being d i s cus sed  and t o  d e f i n e  t h e  r e l a t i o n s h i p  between N 
SS 
and c a v i t a ~ i o n  number, bo th  of  which a r e  used e x t e n s i v e l y  i n  t h e  
r e p o r t .  
2 . 0  PHASE I STUDIES 
2 . 1  Design S t u d i e s  
The d e c i s i o n  t o  'use a  s u p e r c a v i t a t i n g  f i r s t  s t a g e  was 
based on s t u d i e s  e a r l y  i n  t h e  p r o j e c t  which i n d i c a t e d  t h a t  i n  
o rde r  t o  develop s i g n i f i c a n t  head a c r o s s  t h e  f i r s t  s t a g e  a t  t h e  
ambient p r e s s u r e s  (NPSH) r e q u i r e d  t h e  c a v i t y  l e n g t h  must exceed 
30 pe rcen t  of  t h e  chord l e n g t h .  This  was based l a r g e l y  on t h e  
t h e o r e t i c a l  r e s u l t s  of References  13  and 14 .  From t h e  e x p e r i -  
mental cascade r e s u l t s  of  Reference 15 i t  appeared t h a t  s e v e r e  
c a v i t y  o s c i l l a t i o n s  would occur  i f  t h e  c a v i t y  l e n g t h  were g r e a t e r  
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t han  30 p e r c e n t  of t h e  chord.  As t h e  p r e s s u r e  i n  t h e  s t u d y  of 
(15 )  was f u r t h e r  reduced and t h e  c a v i t i e s  become l a r g e r  t han  t h e  
chord, t h e  o s c i l l a t i o n s  ceased.  This  was i n  agreement wi th  ob- 
s e r v a t i o n s  on i s o l a t e d  h y d r o f o i l s .  It seemed, t h e r e f o r e ,  f o r  
t h e  f i r s t  s t a g e  t o  produce s i g n i f i c a n t  head r i s e  and o p e r a t e  
s t a b l y  i t  must o p e r a t e  i n  t h e  s u p e r c a v i t a t i n g  mode. 
The des ign  head r i s e  produced by t h e  f i r s t  s t a g e  was de- 
termined by t h e  maximum a l lowab le  va lue  w i t h i n  t h e  l i m i t s  of  
c e r t a i n  s t a b i l i t y  requ i rements .  A g e n e r a l i z e d  t heo ry  f o r  t h e  
p r e d i c t i o n  of i n s t a b i l i t i e s  caused by s e l f - i nduced  circumf e r -  
e n t i a l  d i s t o r t i o n  o r  r o t a t i n g  s t a l l  (16) was used t o  de te rmine  
t h i s  maximum s t a b l e  head r i s e .  The a p p l i c a t i o n  o f  t h i s  t h e o r y  
r e q u i r e d  a  knowledge of t h e  performance of s u p e r c a v i t a t i n g  cas-  
cades under va r ious  inf low c o n d i t i o n s .  
It was shown by Auslaender (17) t h a t  a n  i s o l a t e d  f o i l  
which has  a  cons t an t  p r e s s u r e  camber d i s t r i b u t i o n  should have 
n e a r l y  optimum performance f o r  s u p e r c a v i t a t i n g  p r o p e l l e r s  and 
pumps. It was t h e r e f o r e  decided t o  des ign  t h e  f i r s t  s t a g e  of  
t h e  inducer  pump t o  o b t a i n  a l l  l i f t  from cons tan t  p r e s s u r e  cam- 
b e r .  The development of a  two-dimensional cascade t h e o r y  f o r  
s e c t i o n s  wi th  cons tan t  p r e s s u r e  camber and f i n i t e  c a v i t y  l e n g t h  
was t hus  e s s e n t i a l .  
The performance of s u p e r c a v i t a t i n g  cascades wi th  c o n s t a n t  
p r e s s u r e  cambered b lades  and f i n i t e  c a v i t y  l eng ths  was s t u d i e d  
t h e o r e t i c a l l y  u s ing  p o t e n t i a l  t h e o r y  f o r  c a v i t y  f lows and a  
s u i t a b l e  model f o r  f i n i t e  c a v i t y  l e n g t h ,  The r e s u l t s  have been 
publ i shed  i n  p rev ious  r e p o r t s  ( 1 8 ~ 1 9 ) .  
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Meanwhile, t h e  NACA da ta  f o r  65 s e r i e s  cascades (20 )  was 
analyzed t o  determine t h e  i n c e p t i o n  of r o t a t i n g  s t a l l  f o r  non- 
c a v i t a t i n g  pumps and t h e  da t a  of Wczmachi ( 2 1 )  and ( 2 2 )  f o r  cav i -  
t a t i n g  cascades of f u l l y  wetted s e c t i o n s  was examined t o  determine 
i n c e p t i o n  f o r  r e p r e s e n t a t i v e  c a v i t a t i n g  c o n d i t i o n s .  
Sample c a l c u l a t i o n s  ( 2 3 )  us ing t h e  NACA d a t a  were made f o r  
two cases ;  a  s i n g l e  row inducer  pump wi th  a  head r i s e  c o e f f i c i e n t  
-+ of 0 .25  and t h e  f i r s t  row of  a  tandem row inducer  pump pro-  
ducing one h a l f  t h e  t o t a l  r e q u i r e d  head r i s e  o r  a  va lue  of -+ of 
0 .125.  I n  both  ca se s  t h e  flow c o e f f i c i e n t  was 0 .10 .  I t  should 
be noted t h a t  t h e  NACA da ta  extends  on ly  t o  in f low angles  o f  60' 
and 70°, whi le  t h e  in f low angle ,  PI, r e q u i r e d  was approximately  
84  degrees .  The measured r e s u l t s  were t h e r e f o r e  e x t r a p o l a t e d .  
The r e s u l t s  of t h i s  d a t a  a n a l y s i s  and sample c a l c u l a t i o n s  i n d i -  
ca ted  t h a t  t h e  l o s s  parameter  (16) r equ i r ed  t o  g i v e  flow i n s t a -  
b i l i t y  would be v e r y  l a r g e  f o r  t h e s e  cascades  and t h a t  r o t a t i n g  
s t a l l - t y p e  flow i n s t a b i l i t y  could not  occur when c a v i t a t i o n  was 
n o t  p r e s e n t .  I n  f a c t ,  t h e  ope ra t i ng  cond i t i ons  were s o  f a r  from 
i n c e p t i o n  of r o t a t i n g  s t a l l  a s  t o  y i e l d  l i t t l e  o r  no i n fo rma t ion  
about t h e  des ign of  c a v i t a t i n g  h e l i c a l  inducer  pumps ( 2 3 ) .  
The procedure  used i n  t h e  des ign of t h e  s u p e r c a v i t a t i n g  
f i r s t  s t a g e  was t h e  f a m i l i a r  f r ee -vo r t ex ,  b l a d e  element t h e o r y  
desc r ibed  i n  References  51 and 52. This des ign  method a l lows  
che des ign  t o  be based on t h e  performance of two-dimensional 
s ~ p e r c a v i t a t i r ~ g  cascades .  The des ign  equa t ions  a r e  p r e sen t ed  i n  
Reference 34 ,  
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The des ign  method f o r  t h e  second s t a g e  of  t h e  tandem row 
inducer  was based on t h e  t heo ry  f o r  a x i a l  f low pump des ign  p re -  
sen ted  i n  Reference 24 .  This  method accounts  f o r  induced i n t e r -  
f e r e n c e  e f f e c t s  a t  an  impe l l e r  b l ade  a s  i n f luenced  by t h e  o t h e r  
b lades  and t h e  t o t a l  downstream v o r t i c i t y  a long  t h e  pump c e n t e r -  
l i n e .  Opt imizat ion of t h e  c a v i t a t i o n  performance of t h e  second 
s t a g e  i s  a l s o  accounted f o r  i n  t h e  procedure .  
A des ign  f o r  a  two s t a g e  inducer  u t i l i z i n g  cons t an t  p r e s s u r e  
cambered s u p e r c a v i t a t i n g  s e c t i o n s  i n  t h e  f i r s t  s t a g e  and meeting 
t h e  des ign  requ i rements  whi le  main ta in ing  s t a b l e  flow r e q u i r e d  
t h a t  15 p e r c e n t  of t h e  t o t a l  head be gene ra t ed  by s t a g e  1 and 
85 p e r c e n t  by s t a g e  2. 
2 . 2  Experimental  Program 
To conduct t h e  exper imental  i n v e s t i g a t i o n ,  HYDRONAUTICS, 
Incorpora ted  des igned and f a b r i c a t e d  a  pump t e s t  loop capab le  o f  
t e s t i n g  t h e  performance of a  v a r i e t y  of pumps over a  wide r ange  
of o p e r a t i n g  c o n d i t i o n s .  The p l e x i g l a s  t e s t  s e c t i o n  of t h e  loop  
i s  22 inches  long wi th  an i n t e r n a l  d iameter  of  7 i n c h e s .  P l e x i -  
g l a s  was used t o  make obse rva t ions  of  t h e  o n s e t  and e x t e n t  o f  
c a v i t a t i o n  p o s s i b l e .  F igu re  3 shows t h e  t e s t  s e c t i o n  w i th  t h e  
f i r s t  s t a g e  of  a  tandem row inducer  o p e r a t i n g  i n  i t .  The cloudy 
r eg ion  i s  caused by c a v i t a t i o n .  
The e ~ t i r e  pump loop can be p r e s s u r i z e d  t o  e l i m i n a t e  cav i -  
t a t i o n  o r  t h e  p r e s s u r e  can be reduced t o  low a b s o l u t e  va lues  t o  
s imu la t e  l o w  c a v i t a t i o n  numbers. Thus, pumps can be  t e s t e d  a t  
s u c t i o n  s p e c i f i c  speeds a s  h igh a s  30,000. A con t inuous ly  
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v a r i a b l e  speed 150 hp d r i v e  p rov ides  a  s h a f t  speed up t o  5000 rpm. 
A t o rque  and t h r u s t  dynamometer l o c a t e d  on t h e  s h a f t  downstream 
of  t h e  t e s t  s e c t i o n  enab les  t h e s e  q u a n t i t i e s  t o  be measured. A 
s p e c i a l l y  des igned va lve  downstream of t h e  t e s t  s e c t i o n  a l l ows  
flow r e g u l a t i o n .  A h e a t  exchanger a l lows  t h e  water  t empera ture  
t o  be k e p t  s t e a d y  even though cons ide rab l e  h e a t  may be gene ra t ed  
by t h e  d i s s i p a t i o n  of energy i n  t h e  wate r ,  F igu re  4 shows an  
o v e r a l l  photograph of t h e  pump loop  and a s s o c i a t e d  i n s t r u m e n t a t i o n .  
The loop i s  equipped wi th  i n s t rumen ta t i on  t o  measure s t a t i c  
and t o t a l  p r e s s u r e s  and v e l o c i t i e s  i n  t h e  t e s t  s e c t i o n .  Probes 
of  t h e  type  shown i n  F igu re  5 a r e  i n s e r t e d  through t h e  t e s t  s ec -  
t i o n  wal l  f o r  r a d i a l  surveys  of  p r e s s u r e s ,  v e l o c i t i e s  and f low 
a n g u l a r i t y .  The probes can be l o c a t e d  a t  s e v e r a l  p o i n t s  i n  t h e  
t e s t  s e c t i o n .  Arrangements a r e  provided t o  e f f e c t i v e l y  b leed  
a i r  bubbles from t h e  t ub ing .  This  can be a  major sou rce  o f  
e r r o r  e s p e c i a l l y  a t  low a b s o l u t e  p r e s s u r e s .  
P re s su re s  a r e  measured u s ing  p r e s s u r e  t r ansduce r s  of t h e  
d i f f e r e n t i a l  r e l u c t a n c e  t ype  and t h e  ou tpu t  i s  d i sp l ayed  d i g i t a l l y .  
The s h a f t  rpm i s  measured by means of a  c a l i b r a t e d  s t r o b e  l i g h t ,  
which i s  a l s o  e s s e n t i a l  f o r  obse rva t ion  of t h e  t ype  and e x t e n t  
of c a v i t a t i o n  occu r r ing  on t h e  b l ades .  
The t e s t  procedure adopted f o r  a l l  i m p e l l e r s  was t h e  same 
a s  t h a t  used f o r  c a v i t a t i o n  t e s t s  on a  convent ional  pump. The 
flow c o e f f i c i e n t  i s  he ld  cons t an t  and t h e  n e t  p o s i t i v e  s u c t i o n  
head (NPSH) of t h e  pump lowered u n t i l  t h e  t o t a l  head decreased  
r a p i d l y  due t o  c a v i t a t i o n .  A 1 1  t e s t s  were conducted a t  a s h a f t  
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speed of  4000 rpm. The p r e s s u r e  upstream of t h e  i m p e l l e r  i s  
f i r s t  reduced t o  t h e  r e q u i r e d  va lue .  The va lve  downstream of 
t h e  pump i s  t hen  r e g u l a t e d  u n t i l  t h e  r e q u i r e d  flow c o e f f i c i e n t  
i s  ob t a ined .  Measurements o f  t h e  s t a t i c  and t o t a l  p r e s s u r e s  
and flow a n g u l a r i t y  a r e  made a t  5 o r  6 r a d i a l  p o s i t i o n s  upstream 
and downstream of t h e  i m p e l l e r .  These da t a  a r e  processed by an  
IBM 1130 computer which i n t e g r a t e s  t h e  p r e s s u r e s  and v e l o c i t i e s  
and c a l c u l a t e s  t h e  a p p r o p r i a t e  performance parameters  and co- 
e f f i c i e n t s .  
The Phase I t e s t  program conducted i n  t h e  HYDRONAUTICS, 
Inco rpo ra t ed  pump l o o p  (34)  i n d i c a t e d  t h a t  f o r  optimum p e r -  
formance, both  s t a g e s  r e q u i r e d  empi r i ca l  mod i f i ca t i on  t o  s o l i d i t y  
and p i t c h  a n g l e .  T e s t s  conducted on each s t a g e  s e p a r a t e l y  i n d i -  
c a t ed  t h a t  t h e  b e s t  performance among t h e  models t e s t e d  was ob- 
t a i n e d  from a  f i r s t  s t a g e  w i th  3 b lades  (c/d = 0 .810)  a t  t h e  
o r i g i n a l  de s ign  -pitch*and a  second s t a g e  wi th  6 b lades  (c/d = 2 . 4 1 )  
w i th  a  b lade  p i t c h  t e n  d-egrees l e s s  than t h e  o r i g i n a l  de s ign  
p i t c h .  S e c t i o n  geometry was unchanged dur ing  t h e s e  t e s t s .  
F igu re  6 summarizes t h e  performance of va r ious  Phase I 
s t a g e  1 models having numerous combinations of p i t c h  and number 
o f  b l a d e s .  
The b e s t  f i r s t  and second s t a g e s  were then  t e s t e d  i n  tandem 
wi th  a  -1 .5  and -6 i nch  o v e r l a p .  F igures  7 and 8 show t h e  t a n -  
dem model wi th  -6 i nch  ove r l ap  and t h e  r e s u l t a n t  exper imental  
performance.  F igures  9 and 1 0  a r e  s i m i l a r  bu t  f o r  t h e  -1 .5  
inch  overlap, 
iC P i t c h  i s  de f ined  a s  t h e  ang le  between t h e  chord of t h e  r o o t  
s e c t i o n  and t h e  axis of r o t a t i o n .  
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I n  o r d e r  t o  compare t h e  performance of t h e  f i n a l  Phase I 
tandem inducer  s e l e c t e d  t o  t h e  o r i g i n a l  de s ign  requirements ,  t h e  
o p e r a t i n g  p o i n t  where t h e  d i s t r i b u t i o n  of head gene ra t i on  be- 
tween t h e  f i r s t  and second s t a g e s  matched t h e  o r i g i n a l  de s ign  
p o i n t  d i s t r i b u t i o n  was chosen. This  p o i n t  i s  where 15 p e r c e n t  
of  t h e  t o t a l  head i s  genera ted  by t h e  f i r s t  o r  s u p e r c a v i t a t i n g  
s t a g e  and 85 pe rcen t  by t h e  second o r  s u b c a v i t a t i n g  s t a g e .  From 
F igu re  11 t h i s  occurs  a t  about  Nss = 22,000 f o r  t h e  s i x  i n c h  
ove r l ap  and N = 22,500 f o r  t h e  1 . 5  i n c h  ove r l ap .  
SS 
Using Nss = 22,000 f o r  S t age  1 and @ = .080, from F igu re  8 
t h e  head c o e f f i c i e n t  genera ted  i s  approximately  $ = 0 .29  and t h e  
f i r s t  s t a g e  c a v i t y  l e n g t h  Q/c = 1 .75 .  Ove ra l l  e f f i c i e n c y  a t  t h i s  
p o i n t  i s  62 p e r c e n t .  Th is  o p e r a t i n g  p o i n t  i s  shown a s  a  s o l i d  
t r i a n g u l a r  symbol i n  F igu re  8. S i m i l a r l y  f o r  a  1 . 5  i n c h  ove r l ap ,  
t h e  same o p e r a t i n g  p o i n t  i s  shown i n  F igu re  10.  I n  t h i s  c a s e  
t h e  f i r s t  s t a g e  c a v i t y  l e n g t h  i s  about  Q/c = 1 . 5 0  and t h e  over-  
a l l  e f f i c i e n c y  66 p e r c e n t .  
Table  1 summarizes t h e  optimum exper imental  inducer  pe r -  
formance and compares t h e s e  r e s u l t s  t o  t h e  o r i g i n a l  de s ign  pa- 
r ame te r s .  The tandem model produced more than  t h e  des ign  head 
c o e f f i c i e n t  (0 .29/0 .25)  a t  s l i g h t l y  l e s s  than  t h e  des ign  flow 
c o e f f i c i e n t  ( .083/. 100)  and l e s s  t han  t h e  des ign  s u c t i o n  
s p e c i f i c  speed (22,000/30,000). F i r s t  s t a g e  c a v i t y  l e n g t h s  
were approxfmately  a s  r equ i r ed  by t h e  o r i g i n a l  des ign  ( 1 . 5 0  - 
1 .75 /1 .50 ) .  
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TABLE 1 
3C 
Summary of Phase I Tandem Inducer Performance 
Experimental 
Value a t  -6 
inch  ove r l ap  
22,000 t o  
23,000 
0.083 
0.296 
0.85 
62% 
63 . 5 O  
3 
0.810 
1.75 
10, 600 
55.B0 
6 
2.43 
Operating Parameter 
N en t rance  
s s 
m o ,  average 
$, t o t a l  
'2nd/'ls t 
~ T J  t o t a l  
S tage  1 P i t c h  
Stage 1, No. of 
b lades  
Stage 1, Char. 
s o l i d i t y  
Stage 1, R/c 
Stage 2, Nss 
Stage 2, p i t c h  
S tage  2, No. of blades  
Stage 2, Char. 
s o l i d i t y  
* Constant p r e s s u r e  cambered f i r s t  s t a g e .  
Or ig ina l  
Design Value 
30,000 
0.100 
0.250 
0.85 
65% (1st 
s t a g e  o n l y )  
6 3 . 5 O  
2 
0.540 
1 .50  
13,250 
65.8' 
6 
2.43  
Experimental 
Value a t  -1 .5  
inch  ove r l ap  
22,000 
0.083 
0.283 
0.85 
66% 
6 3 . 5 O  
3 
0.810 
1 .50  
10, 600 
55 8 O  
6 
2 .43  
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The exper imental  performance, whi le  n o t  q u i t e  r each ing  t h e  
des ign  o b j e c t i v e s  d i d  i n d i c a t e  t h a t  t h e  tandem inducer  u s i n g  a  
s u p e r c a v i t a t i n g  f i r s t  s t a g e  has  d e f i n i t e  p o t e n t i a l  a s  a  h i g h  
s u c t i o n  s p e c i f i c  speed des ign  concept .  Low frequency i n s  t a -  
b i l i t i e s  o r  o s c i l l a t i o n s  were no ted  a t  breakdown b u t  appeared 
t o  stem from u n s t a b l e  c a v i t y  l eng ths  r a t h e r  t han  from Yeh ( 1 6 )  
t ype  i n s t a b i l i t i e s  which t h e  des ign  was in tended  t o  avo id .  L i t t l e  
d i f f e r e n c e  was observed between t h e  performance a t  -6 i n c h  over-  
l a p  and -1.5 inch  ove r l ap  and t h e  " t r a d e - o f f "  o f  head g e n e r a t i o n  
between t h e  f i r s t  and second s t a g e s  a s  i n d i c a t e d  i n  F igu re  11 
produced a  r e l a t i v e l y  f l a t  vs N c h a r a c t e r i s t i c  ( ~ i g u r e s  8 and 
> S S  
10) we l l  s u i t e d  t o  r o c k e t  f u e l  pump a p p l i c a t i o n s  where N may 
SS  
va ry  du r ing  t h e  course  o f  a  f l i g h t .  
F u r t h e r  manipula t ion of t h e  p i t c h  of  t h e  tandem induce r  
s t a g e s  ( i n  p a r t i c u l a r  s m a l l e r  p i t c h  ang le s  f o r  S t age  1) may 
have reduced t h e  head c o e f f i c i e n t  and inc rea sed  t h e  flow coef -  
f i c i e n t  b r i n g i n g  each c l o s e r  t o  t h e  des ign  v a l u e s .  Th is  would 
probably  have r e s u l t e d  i n  h ighe r  breakdown N va lues  because 
S S  
of t h e  s m a l l e r  ang le s  o f  a t t a c k .  I t  was concluded, however, 
t h a t  w i th  t h e  cons t an t  p r e s s u r e  cambered b l ade  shapes ,  i t  was 
doub t fu l  t h a t  t h e  des ign  goa l  of 30,000 could be reached.  
One c h a r a c t e r i s t i c  o f  cons t an t  p r e s s u r e  cambered cascades  
i s  t h a t  a s  t h e  s o l i d i t y  i s  i nc rea sed ,  t h e  camber of t h e  f o i l  
decreases  approaching a  f l a t  p l a t e .  This  i s  d e t r i m e n t a l  t o  t h e  
s t a b i l i t y  of t h e  flow s i n c e  f l a t  p l a t e  p r o f i l e s  c r e a t e  a  h ighe r  
d rag  f o r  t h e  same l i f t  t han  cambered p r o f i l e s .  The f l a t  p l a t e  
must r e l y  e n t i r e l y  on a n g l e  of a t t a c k  f o r  l i f t  g e n e r a t i o n .  
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The Phase I experiments a l s o  i n d i c a t e d  t h a t  t h e  o r i g i n a l  
second s t a g e  des ign  a p p a r e n t l y  induced more swirl t h a n  p re -  
d i c t e d  by t h e  t h e o r y  ( 2 4 ) .  I n  o r d e r  t o  improve t h e  p r e d i c t i o n  
of induced by a  r a d i a l  l i n e  vo r t ex  i n  an  annulus (25) needed t o  
be c a l c u l a t e d  f o r  s m a l l e r  a x i a l  and c i r c u m f e r e n t i a l  spac ings  
and f o r  l a r g e r  hub t o  d iamete r  r a t i o s .  
3 .0  PHASE II STUDIES 
3 . 1  Higher Term Cambered S u p e r c a v i t a t i n g  Cascades 
Phase 11 (26 )  of  t h e  p r o j e c t  was aimed p a r t i a l l y  a t  
f u r t h e r  improving t h e  c a p a b i l i t y  f o r  tandem inducer  de s ign  
through a  t h e o r e t i c a l  s t u d y  of h i g h e r  term cambered supe rcav i -  
t a t i n g  cascades .  It was specu la t ed  t h a t  h igher- term cambered 
f i r s t  s t a g e s ,  should improve t h e  s u c t i o n  performance of t h e  
tandem inducer  cons ide rab ly .  
The s u p e r c a v i t a t i n g  cascade flow i s  s c h e m a t i c a l l y  i l l u s -  
t r a t e d  i n  F igu re  1 2 .  The cascade c o n s i s t s  o f  an  i n f i n i t e  a r r a y  
of  i d e n t i c a l l y  cambered b l ades  having a  s t a g g e r  a n g l e  /31 and 
an  a n g l e  of a t t a c k  a l .  The mean chord l e n g t h  of  each b l ade  i s  
c  and t h e  spac ing  of t h e  b lades  i n  t h e  d i r e c t i o n  of t h e  s t a g g e r  
a n g l e  i s  d .  The flow i s  tu rned  by t h e  cascade from i t s  o r i g i n a l  
h o r i z o n t a l  d i r e c t i o n  and v e l o c i t y  U 1  a t  upstream i n f i n i t y  t o  
t h e  d i r e c t i o n  a2 and v e l o c i t y  U2 a t  a l o c a t i o n  f a r  downstream. 
The types  of f o i l s  under c o n s i d e r a t i o n  a r e  t h o s e  which 
a r e  o u t l i n e d  by Johnson (27). The shapes which he  de r ived  a r e  
t h o s e  r e s u l t e d  from t h e  op t imiza t ion  of a  f i n i t e  number of 
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terms of t h e  v o r t i c i t y  d i s t r i b u t i o n  i n  t h e  a i r f o i l  p l ane  such 
t h a t  maximum l i f t - d r a g  r a t i o  r e s u l t e d  f o r  each h y d r o f o i l  shape.  
S t r i c t l y  speaking,  t h e  f o i l s  thus  gene ra t ed  can o n l y  be  c a l l e d  
two, t h r e e ,  o r  f i v e  term cambered f o i l s  i n  t h e  i s o l a t e d  case ,  
s i n c e  t h e  e f f e c t s  of cascade may modify t h e  optimum shapes  
s l i g h t l y .  For c o n t i n u i t y  wi th  t h e  i s o l a t e d  f o i l  case  and f o r  
e a s e  o f  c a l c u l a t i o n ,  t h e  p h y s i c a l  shapes  p resen ted  by Johnson 
( 2 7 )  have been used i n  t h e  p r e s e n t  program. This  i s  f u r t h e r  
j u s t i f i a b l e  from a  p h y s i c a l  s t a n d p o i n t  s i n c e  i t  permi t s  t h e  com- 
p u t a t i o n  of t h e  performance of t h e  same phys i ca l  shape under a  
v a r i e t y  of  c o n d i t i o n s .  This  i s  i n  c o n t r a s t  t o  t h e  c o n s t a n t  
p r e s s u r e  camber case  where each change of  cascade geometry of 
flow cond i t i ons  r e s u l t s  i n  a  d i f f e r e n t  f o i l  shape.  For t h e  con- 
s t a n t  p r e s s u r e  camber case,  t h e r e f o r e ,  o f f -des ign  performance 
cannot be d i r e c t l y  c a l c u l a t e d .  
Reference 28 r e p o r t s  t h e  r e s u l t s  of t h e  t h e o r e t i c a l  s t udy  
of t h e  flow p a s t  a  cascade of  s u p e r c a v i t a t i n g  cambered b l ades  
u t i l i z i n g  p o t e n t i a l  flow theory .  The d i f f i c u l t y  i n  t h i s  ca se  
can be a p p r e c i a t e d  by cons ider ing  t h e  much s impler  problem of 
incompress ib le  flow p a s t  a  s i n g l e  s u p e r c a v i t a t i n g  h y d r o f o i l .  
The on ly  exac t  a n a l y t i c a l  method known, based on c e r t a i n  a r t i -  
f i c i a l  models of c a v i t y  t e rmina t ion ,  i s  t h e  hodograph technique,  
which i s  r a t h e r  complex. To s o l v e  such complex problems, one 
u s u a l l y  i n t roduces  s u i t a b l e  approximat ions .  The most con- 
v e n i e n t  of  them i s  t h e  l i n e a r i z e d ,  c lo sed -cav i ty  t heo ry  of  
Tu l in  (29). Rea l i z ing  t h e  complicat ion, involved a  s i m i l a r  ap- 
proximat ion was made i n  t h e  a n a l y s i s  of Reference 28.  The 
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t h e o r e t i c a l  approach u t i l i z e d  some o f  t h e  concepts developed 
i n  ( 3 0 ) .  The method i s  i n h e r e n t l y  l i m i t e d  i n  i t s  a p p l i c a k i o n s  
because i t  i s  based on t h e  assumption of  smal l  t h i cknes s  o f  t h e  
b lades  be ing  t r e a t e d  and r e l a t i v e l y  smal l  d i s t u r b a n c e s  be ing  
gene ra t ed .  However, i n  p r a c t i c e ,  t h e  i nduce r  b lades  a r e  t h i n  
and consequent ly  t h e  l i n e a r i z e d  r e s u l t s  may be used f o r  d e s i g n  
purposes .  
Based on t h e  t h e o r y  developed,  a  computer program ( a c t u a l l y  
an  i n t e rdependen t  s e t  of  programs) t o  compute cascade charac-  
t e r i s t i c s  was w r i t t e n ,  compiled and f i r s t  v e r i f i e d  by comparison 
wi th  i s o l a t e d  f o i l s  and wi th  cascades  o f  f l a t  p l a t e  f o i l s  i n  t h e  
e x i s t i n g  l i t e r a t u r e  (31, 3 2 ) .  
I n  a d d i t i o n  t o  t h e  f i r s t  o r d e r  l i n e a r i z e d  r e s u l t s ,  t h e  
program a l s o  c a l c u l a t e s  second o r d e r  approximat ions  u s ing  equa- 
t i o n s  p r e s e n t e d  by Hsu ( 3 3 )  and v e r i f i e d  f o r  t h e  i s o l a t e d  c i r -  
c u l a r  a r c  c a s e .  While t h e r e  i s  no a v a i l a b l e  method f o r  v e r i f y i n g  
t h e  second o r d e r  approximation f o r  cascades  o r  f o r  cambers o t h e r  
than  t h e  c i r c u l a r  a r c ,  i t  was i nc luded  s i n c e  l i t t l e  a d d i t i o n a l  
programming was r e q u i r e d  t o  do s o  and t h e  r e s u l t s  were expected 
t o  be more conse rva t ive  t han  t h e  f i r s t  o r d e r  r e s u l t s .  
For t h e  c i r c u l a r  a r c ,  t h e  convention of Johnson (27) i s  
used where t h e  chord of  t h e  f o i l  i s  r o t a t e d  through 1/8 o f  t h e  
c e n t r a l  a n g l e  t o  i n s u r e  a  p o s i t i v e  p r e s s u r e  over t h e  e n t i r e  
wetted f a c e  o f  t h e  f o i l .  The camber i n d i c e s  k,, k3, k5, kc a r e  
t h e  r e s p e c t i v e  l i f t  c o e f f i c i e n t s  of  t h e  i s o l a t e d ,  i n f i n i t e  dep th ,  
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ze ro  sigma, z e r o  a n g l e  of a t t a c k  f o i l s  having two term, t h r e e  
term, f i ve - t e rm and c i r c u l a r  a r c  camber d i s t r i b u t i o n s .  The 
h ighe r  t h e  camber index  t h e  g r e a t e r  t h e  camber of  t h e  r e s p e c t i v e  
f o i l s  and t h e  h ighe r  t h e  number o f  " terms" i n  t h e  camber d i s -  
t r i b u t i o n ,  t h e  f u r t h e r  a f t  t h e  c e n t e r  of  p r e s s u r e  i s  s h i f t e d .  
F igu re  13 a f t e r  Reference 27 shows t h e  p r e s s u r e  d i s t r i b u t i o n s  
on f o u r  types  of  i s o l a t e d  higher- term cambered f o i l  p r o f i l e s .  
Reference 26 d e t a i l s  t h e  problems encountered i n  ex tend ing  
t h e  c a l c u l a t i o n s  t o  h igh  s t a g g e r  ang les  and s o l i d i t i e s  a s  r e -  
qu i r ed  f o r  inducer  a p p l i c a t i o n s .  I n  p a r t i c u l a r ,  a  narrow r ange  
of c a v i t y  l e n g t h s  and c a v i t a t i o n  numbers a r e  a t t a i n a b l e  f o r  
which t h e  r e s u l t s  a r e  p h y s i c a l l y  meaningful .  It i s  n o t  c e r t a i n  
whether o r  n o t  t h e  problems d i s cus sed  i n  d e t a i l  i n  (26 )  a r e  an  
i n h e r e n t  d i f f i c u l t y  of  t h e  method o r  a  r e s u l t  of  t h e  numerical  
c a l c u l a t i o n s  used t o  c a l c u l a t e  t h e  cascade c h a r a c t e r i s t i c s .  A s  
exp la ined  i n  (26), however, t h e  smal l  b/a o r  long ( f i n i t e )  
c a v i t y  r ange  of c a l c u l a t i o n  was used t o  de te rmine  cascade char -  
a c t e r i s t i c s .  
The computations of  (18) a r e  d i f f e r e n t  from t h e  p r e s e n t  
case  i n  two ways. F i r s t ,  t h e  f o i l  shape used i n  (18) was a  con- 
s t a n t  p r e s s u r e  cambered geometry. This i s  d i f f e r e n t  from any 
shape used i n  t h e  p r e s e n t  case  b u t  may be approximated by t h e  
c i r c u l a r  a r c .  Secondly, t h e  r e s u l t s  of (18) do n o t  y i e l d  a  
p a r t i c u l a r  c a v i t a t i o n  number, l i f t  c o e f f i c i e n t  and f o i l  shape  
f o r  each cascade geometry b u t  r a t h e r  t h e  r a t i o  of c a v i t a t i o n  
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number and f o i l  shape t o  l i f t  c o e f f i c i e n t .  Thus o/CL and y/cCL 
a r e  t h e  primary parameters  f o r  a  g iven  s t a g g e r ,  s o l i d i t y  and 
c a v i t y  l eng th .  Angle of a t t a c k  a i s  g iven  a s  a /CL and i s  no t  
an  independent  v a r i a b l e .  
I t  was, t h e r e f o r e ,  r a t h e r  d i f f i c u l t  t o  d i r e c t l y  compare 
t h e  cons t an t  p r e s s u r e  cambered r e s u l t s  t o  t h e  r e s u l t s  of Refer-  
ence 28 .  A comparison was made however, a t  /3 = 75' and c/d= . & l o .  
I n  t h e  long c a v i t y  r e g i o n  where bo th  r e s u l t s  were we l l  behaved, 
t h e  c i r c u l a r  a r c  c a s e  a t  k = -135 ( c e n t r a l  f o i l  a n g l e  = 12') and 
0 geometr ic  a n g l e  of a t t a c k  of 7 . 4  produced t h e  same r a t i o  of  
o/CL a s  t h e  c o n s t a n t  p r e s s u r e  cambered ca se .  The CPC f o i l  r e -  
qu i r ed  on ly  5.05' geometr ic  a n g l e  of  a t t a c k  f o r  t h e  same o/C L  
r a t i o  and i n  a d d i t i o n  r e q u i r e d  27 pe rcen t  l e s s  camber. I n  o t h e r  
words, t h e  CPC case  appears  t o  have a  more e f f e c t i v e  o r  e f f i c i e n t  
camber d i s t r i b u t i o n  i n  cascade.  
A comparison of  t h e  a c t u a l  p h y s i c a l  shapes o f  t h e  two f o i l s  
being considered i s  shown i n  F igu re  14 .  The v e r t i c a l  s c a l e  i s  
d i s t o r t e d .  The camber d i s t r i b u t i o n s  a r e  d i f f e r e n t  bu t  n o t  d i f -  
f e r e n t  enough t h a t  one would expect  t h e  l a r g e  d i f f e r e n c e  i n  
camber and ang le  o f  a t t a c k  i n d i c a t e d  f o r  s i m i l a r  l i f t - c a v i t a t i o n  
number performance.  S ince  t h e  cascade c h a r a c t e r i s t i c s  were c a l -  
c u l a t e d  by d i f f e r e n t  methods, t h e  t echnique  of c a l c u l a t i o n  and 
method of l i n e a r i z a t i o n  may have in t roduced  p a r t  of t h e  d i f -  
f e r e n c e .  However, based on t h e  Phase I exper imental  program 
( 3 4 ) ,  we know t h a t  t h e  va lue  of  t h e  parameter  CL/0 c/d f o r  
S t age  1 of Inducer  1 was l e s s  than  l/3 of t h e  p r e d i c t e d  theo-  
r e t i c a l  v a l u e ,  Even acknowledging r e a l  f l u i d  and t h r e e  dimen- 
s i o n a l  e f f e c t s  have con t r i bu t ed  t o  t h i s  r educ t ion ,  t h e  r e s u l t s  
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i n d i c a t e  t h a t  t h e  CPC t heo ry  (18) t ends  t o  ove re s t ima te  t h e  
r a t i o  CL/u. We may a l s o  conclude t h a t  t h e  tendency of  t h e  c a l -  
c u l a t i o n  of (28 )  t o  i n d i c a t e  a  more conse rva t ive  r e l a t i o n  be- 
tween u  and C f o r  s i m i l a r  geometr ies ,  e . ,  t h a t  more camber L  
and a n g l e  of  a t t a c k  i s  r e q u i r e d  f o r  a  s i m i l a r  camber d i s t r i b u t i o n  
t o  y i e l d  a  p a r t i c u l a r  l i f t  c o e f f i c i e n t  a t  a  p a r t i c u l a r  c a v i t a -  
t i o n  number t han  i n  t h e  c a l c u l a t i o n  of (18) )  i s  l i k e l y  t o  be 
more c o r r e c t  based on t h e  Phase I exper iments .  
Reference 26 compares t h e  r e s u l t s  of t h e  t h e o r y  of (28) t o  
some exper imental  work r e p o r t e d  i n  References  15 and 35. Nei ther  
r e f e r e n c e  has much u s a b l e  d a t a  and l i t t l e  could be concluded 
from t h e  comparisons. I n  bo th  ca se s  t h e  exper imental  cond i t i ons  
were n o t  wel l  de f ined  and i n  (35 )  t h e  d a t a  was from an i m p e l l e r  
i n  which t h r e e  dimensional  a f f e c t s  could no t  be accounted f o r .  
It was concluded i n  ( 2 6 )  t h a t  good, r e l i a b l e  s u p e r c a v i t a t i n g  
cascade da t a  i s  v i r t u a l l y  n o n e x i s t a n t .  
3 . 1 . 1  I n f l u e n c e  of F o i l  Type and Camber Index on Performance- 
I n  o r d e r  t o  compare t h e  i n f l u e n c e  of f o i l  type  and camber index  
on t y p i c a l  cascade geometr ies ,  a  s e r i e s  o f  c a l c u l a t i o n s  were 
under taken i n  (26 )  wi th  Q/c va lues  i n  t h e  " long-cav i ty"  r ange  i n  
which l i f t  and c a v i t a t i o n  number va ry  l i t t l e  wi th  Q/c.  
F igu re  15 i l l u s t r a t e s  t h e  e f f e c t  of  s t a g g e r  a n g l e  on t h e  
l i f t  c o e f f i c i e n t  of a s e r i e s  of  cascades wi th  a l l  f i v e  camber 
0 typesand  c/d = 0.75,  a = 1 0  , and k = 0.15.   he f l a t  p l a t e  ca se  
of course  has k = 0). Over t h e  e n t i r e  range  of s t a g g e r  a n g l e s  
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c a l c u l a t e d ,  t h e  f i v e  term camber f o i l s  show h igher  l i f t  coef -  
f i c i e n t s  than any of t h e  o t h e r  types ,  bu t  a s  s t a g g e r  a n g l e  i n -  
c r ea se s ,  t h e  f i v e  term camber performance degrades a t  a  r a t e  
s l i g h t l y  h i g h e r  than t h e  o t h e r s  and i t s  r e l a t i v e  advantage 
dec rease .  
F i g u r e  16  shows t h e  i n f l u e n c e  of s o l i d i t y  on l i f t  c o e f f i -  
0 0 
c i e n t  f o r  cascades u s ing  a l l  f i v e  camber types ,  P = 65 , a = 1 0  
and k = 0 .15 .  Each type  degrades  s h a r p l y  wi th  i n c r e a s i n g  s o l i d i t y .  
Again t h e  f i v e  term camber ca se  i s  b e s t  over t h e  e n t i r e  r ange  
but  i t  degrades  more r a p i d l y  w i th  i n c r e a s i n g  s o l i d i t y  than  t h e  
o t h e r  t y p e s .  
Based on t h e s e  r e s u l t s  and a d d i t i o n a l  r e s u l t s  p r e sen t ed  i n  
( 2 6 ) ,  t h e  f i v e  term cambered s e c t i o n s  were chosen t o  be  used i n  
f u t u r e  f i r s t  s t a g e  inducer  a p p l i c a t i o n s .  
3 . 2  P a r t i a l l y  C a v i t a t i n g  Cascades 
Reference 36 p r e s e n t s  a  t h e o r e t i c a l  s t udy  of  cascades  
of  p a r t i a l l y  c a v i t a t i n g  cascades (i .  e .  t h e  c a v i t y  l e n g t h  i s  
l e s s  than  t h e  chord of  each f o i l ) .  
The fo rmula t ion  p re sen t ed  g ives  t h e  l i n e a r i z e d  s o l u t i o n  f o r  
t h e  f low p a s t  a  cascade of  p a r t i a l l y  c a v i t a t i n g  cambered b l a d e s .  
From t h e  a n a l y s i s ,  i t  i s  p o s s i b l e  t o  determine t h e  l i f t  and drag 
c o e f f i c i e n t s ,  c a v i t a t i o n  number, c a v i t y  shape and downstream 
flow cond i t i ons  f o r  any g iven  s p e c i f i c  cascade geometry, b l a d e  
shape, c a v i t y  l e n g t h  and i n i t i a l  inf low cond i t i ons .  The t h e o r y  
was n o t  programmed under t h e  p r e s e n t  scope of work. The o n l y  
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p r e v i o u s l y  a v a i l a b l e  t h e o r e t i c a l  s t udy  on flow p a s t  a  cascade 
of p a r t i a l l y  c a v i t a t i n g  b l ades  ( 3 7 )  d e a l t  wi th  t h e  problem o f  
t h i n  f l a t  p l a t e  h y d r o f o i l s .  Reference 36 formula tes  t h e  problem 
wi th  t h e  a i d  of  conformal t r ans fo rma t ion  and assumes t h a t  t h e  
flow i s  two-dimensional.  
A s  i n d i c a t e d  by t h e  experiments o f  Wade and Acosta (15) t h e  
flow i s  u n s t a b l e  when t h e  c a v i t y  length-chord r a t i o  i s  c l o s e  t o  
u n i t y ;  t h e  a n a l y s i s  i s ,  t h e r e f o r e ,  i n v a l i d  i n  t h i s  flow regime.  
The a n a l y s i s  i s  a l s o  l i m i t e d  t o  cases  i n  which t h e  d i s t u r b a n c e ,  
caused by t h e  p resence  of t h e  b lades ,  i s  sma l l  - an i n h e r e n t  
r e s t r i c t i o n  i n  t h e  l i n e a r  approximat ion.  However i n  p r a c t i c e ,  
t h e  b l ades  a r e ,  g e n e r a l l y ,  t h i n .  Consequently t h e  l i n e a r i z e d  
r e s u l t s  a r e  va luab l e  a s  a  gu ide  i n  t h e  des ign  of inducers  and 
o t h e r  turboma ch inery .  
The amount of  exper imental  da t a  a v a i l a b l e  concerning t h e  
performance of p a r t i a l l y  c a v i t a t i n g  cascades  i s  a l s o  l i m i t e d  b u t  
i n  much g r e a t e r  supply  t han  t h e  f u l l y  c a v i t a t i n g  cascades p re -  
viou.sly d i s cus sed .  The da t a  o f  Wade and Acosta (15) i s  l a r g e l y  
i n  t h e  p a r t i a l l y  c a v i t a t i n g  r ange  a s  i s  some of t h e  work of  
Numachi ( 2 1 ~ 2 2 )  and Uni ted A i r c r a f t  (38). Furthermore, much 
of t h e  work on h e l i c a l  i nduce r s  i n  t h e  l i t e r a t u r e  may be con- 
s i d e r e d  a s  th ree-d imens iona l  da t a  f o r  p a r t i a l l y  c a v i t a t i n g  f l a t  
p l a t e  cascades (4,39,40,41,  e t c ) .  S ince  i n  most cases ,  however, 
on ly  o v e r a l l  performance i s  considered,  i t  i s  d i f f i c u l t  t o  draw 
conclus ions  r ega rd ing  two-dimensional cascades from t h i s  d a t a .  
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3 . 3  Expansion of Second S tage  Design C a p a b i l i t i e s  
Reference 42 p r e s e n t s  a  t h e o r e t i c a l  s t udy  of t h e  t h r e e -  
dimensional  f low f i e l d  from a  r a d i a l  v o r t e x  f i l a m e n t  i n  a  c y l i n -  
d r i c a l  annulus .  As p r e v i o u s l y  exp la ined  i n  S e c t i o n  2 . 1  t h i s  
in format ion  i s  neces sa ry  t o  app ly  t h e  t echnique  of  (24 )  t o  de s ign  
t h e  s u b c a v i t a t i n g  second s t a g e .  The c a l c u l a t i o n s  of (25 )  were 
o r i g i n a l l y  used b u t  were on ly  a v a i l a b l e  f o r  a  0.60 hub r a t i o .  The 
r e s u l t s  o f  ( 4 2 )  a r e  summarized below: 
( a )  A computer program t o  s o l v e  t h e  th ree-d imens iona l  
flow f i e l d  from a  r a d i a l  vo r t ex  f i l amen t  i n  a  c y l i n d r i c a l  annulus  
was w r i t t e n .  
( b )  The convergence of t h e  s o l u t i o n s  depended on 
prox imi ty  t o  t h e  vo r t ex  f i l amen t ,  wi th  more and more terms r e -  
qu i r ed  i n  t h e  summation a s  t h e  f i l a m e n t  i s  approached i n  e i t h e r  
t h e  a x i a l  o r  t a n g e n t i a l  d i r e c t i o n .  
( c )  The e igenvalues  used i n  Reference 25 agreed w i t h  
t h e  va lues  of  ( 4 2 ) .  The s e r i e s  r e p r e s e n t a t i o n  of t h e  e igen-  
va lues  (43 )  was v a l i d  f o r  smal l  va lues  o f  m and n  on ly .  
( d )  Considerable  disagreement was found between t h e  
three-dimensional  r e s u l t s  of ( 4 2 )  and t h e  r e s u l t s  r e p o r t e d  i n  
Reference 25 except  a t  t h e  mid-radius .  
( e )  A s y s t e m a t i c  d e v i a t i o n  was found between t h e  
th ree-d imens iona l  c a l c u l a t i o n s  and t h e  two-dimensional app rox i -  
mation wi th  maximum d i f f e r e n c e s  on t h e  o r d e r  of  25 p e r c e n t .  
The l a r g e r  t h e  hub/diameter r a t i o ,  t h e  c l o s e r  t h e  three-dimen- 
s i o n a l  r e s u l t s  were t o  t h e  two-dimensional.  
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( f  ) Eigenvalues and c o e f f i c i e n t s  r e q u i r e d  f o r  t h e  
th ree-d imens iona l  c a l c u l a t i o n s  a t  hub/diameter r a t i o s ,  qH, of  
0.60, 0 .70 and 0 .80  and a c t u a l  v e l o c i t i e s  f o r  q  = 0 .70  a r e  H 
t a b u l a t e d  i n  Reference 42. 
( g )  A sample i n t e r f e r e n c e  s t r e a m l i n e  c a l c u l a t i o n  showed 
l i t t l e  d i f f e r e n c e  between Ce u s i n g  three-dimensional  r e s u l t s  
t o t a l  
o r  two-dimensional r e s u l t s  i n  t h e  summation i n  t h e  case  of 
qH = 0.70.  For t h i s  case ,  t h e r e f o r e ,  t h e  more complicated t h r e e -  
dimensional  c a l c u l a t i o n s  were u n j u s t i f i e d .  
3 . 4  Inducer  Designs 
A t  t h e  conclus ion of Phase I1 (26 )  new f i r s t  and second 
s t a g e  i nduce r  des igns  u s ing  t h e  newly genera ted  h ighe r  term cam- 
be r  in format ion  of (28 )  and t h e  improved and expanded second 
s t a g e  des ign  c a p a b i l i t y  provided by ( 4 2 ) .  These des igns  w i l l  be 
d i s cus sed  i n  t h e  fo l lowing  s e c t i o n  cover ing Phase 111 of t h e  
p r o j e c t  and i n t e g r a t e d  wi th  t h e  Phase 111 des ign  work. 
e 
4 . 0  PHASE I11 STUDIES 
4 . 1  F i r s t  S t age  Design 
I n  Reference 26 t h e  des ign  of a  f ive- te rm cambered i m -  
p e l l e r  u s i n g  a  s p e c i f i e d  l i n e a r  chord l e n g t h  v a r i a t i o n  was p re -  
s e n t e d .  The chord l eng ths  were chosen t o  roughly  correspond t o  
t h e  chord l e n g t h  v a r i a t i o n  which r e s u l t e d  from t h e  cons t an t  p r e s -  
s u r e  cambered des ign  of Reference 34.  Table 2  shows t h e  r e s u l t s  
of t h i s  des ign and F igu re  17 shows t h r e e  views of t h e  i m p e l l e r  
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TABLE 2 
Summary of S t a g e  1 Two Bladed, Second Order Design 
Using Five-Term Cambered S e c t i o n s  and S p e c i f i e d  
L inea r  Chord Length V a r i a t i o n  
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des ign  wi th  r equ i r ed  0 . 6 0  hub. As d i s cus sed  i n  (26 )  however, a  
cons ide rab l e  degree  of  freedom e x i s t s  i n  t h e  s e l e c t i o n  of t h e  
h ighe r  term cambered i m p e l l e r  geometry. This  was no t  t r u e  i n  
t h e  c a s e  of  t h e  cons t an t  p r e s s u r e  cambered impe l l e r  whose chord 
l e n g t h s  were d i c t a t e d  by t h e  des ign  procedure .  
A t  t h e  beginning of Phase 111, t h e  f i r s t  s t a g e  des ign  was 
reviewed.  Using t h e  t h e o r e t i c a l  methods of  ( 2 8 ) ,  a  broad r ange  
of  5 term-cambered s u p e r c a v i t a t i n g  cascades  were c a l c u l a t e d  u s i n g  
t h e  h igh  speed computer programs p r e v i o u s l y  developed.  I n  pa r -  
t i c u l a r ,  c a l c u l a t i o n s  were completed f o r  cascades wi th  s t a g g e r  
ang le s  of  4 5 O ,  5 5 O ,  6 5 O ,  70°, 75.36', 78-92' and 81.16'. For  
70' o r  l e s s  s o l i d i t i e s  of 0 .25  t o  1 .50 ,  camber c o e f f i c i e n t s  of  
0 . 0  t o  0 . 3 0  and ang les  o f  a t t a c k  of 0' t o  20' were used.  The 
s t a g g e r  ang le s  used above 70' r e p r e s e n t  t h e  r e q u i r e d  P Is a t  hub, 
mid, and t i p  r a d i i  f o r  an inducer  w i t h  a  flow c o e f f i c i e n t  of 
0 . 1 0  and a  hub/diameter r a t i o  of  0 .60 .  A t  81.16' t h e  o/d r ange  
was 0 . 2 5  t o  1 . 0 0 .  A t  79-92' t h e  range  was extended t o  1 . 2 5  and 
a t  75.360 t o  1 . 5 0 .  Camber c o e f f i c i e n t s  ranged from 0  t o  0 .30 
0 
and ang le s  of a t t a c k  from 0  t o  20'. The smal l  b/a ( o r  long  
c a v i t y  l e n g t h )  range  was used based on prev ious  exper ience  j )  
wi th  d ive rg ing  s o l u t i o n s  a s  d i s cus sed  i n  Reference 26. 
Using t h e  r e s u l t s  of  t h e  cascade c a l c u l a t i o n ,  pa rame t r i c  
s t u d i e s  of des igns  s a t i s f y i n g  t h e  des ign  requirements  f o r  t h e  
inducer  were conducted.  The des ign  requirements  f o r  S tage  1 
were t aken  t o  be t h e  same a s  t h e  i nduce r s  designed and t e s t e d  
under Phase I and t h e  s t a g e  1 des ign  of  Phase 11. These were 
a s  fo l l ows :  
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Tandem head c o e f f i c i e n t  = 0 .25  
Flow c o e f f i c i e n t  = 0 .10  
Suc t ion  s p e c i f i c  speed = 30,000 
~ u b / d i a m e t e r  r a t i o  = 0.60 
Model t i p  d iameter  = 7 . 0  inches  
I n i t i a l l y ,  t h e  head developed by S t age  1 was taken t o  be  
15 pe rcen t  of  t h e  t o t a l  r e q u i r e d  h e a d r i s e ,  s i n c e  t h i s  was found 
t o  p rov ide  s a t i s f a c t o r y  s t a b i l i t y  a s  determined by t h e  Yeh (16) 
c r i t e r i o n  i n  t h e  Phase I and Phase I1 c a l c u l a t i o n s .  The des ign  
equa t ions  p re sen t ed  i n  Appendix A of  Reference 34 were used and 
t h e  des ign  rpm was taken a s  4000 rpm based on ope ra t i ng  expe r i ence  
wi th  t h e  pump loop  f a c i l i t y .  
F i r s t  and second o rde r  s e c t i o n  des igns  a t  each of t h r e e  
r a d i i  were conducted u s i n g  t h e  des ign  technique  p re sen t ed  i n  
Reference 26 and s i x  a r b i t r a r i l y  s e l e c t e d  camber c o e f f i c i e n t s .  
From t h e s e  des igns  .it was p o s s i b l e  t o  p r e p a r e  curves f o r  each 
r a d i u s  g i v i n g  l i f t  c o e f f i c i e n t ,  s o l i d i t y ,  and a n g l e  of  a t t ac 'k  a s  
f u n c t i o n s  of  camber c o e f f i c i e n t  f o r  cons t an t  l i f t  parameter ,  
\J 
- -  and c a v i t a t i o n  number 0 .  Using t h e s e  curves,  i n t e r m e d i a t e  
0 d J  
des igns  were s e l e c t e d  f o r  t h e  fo l lowing  cond i t i ons :  
( a )  S p e c i f i e d  l i n e a r  CL v a r i a t i o n  wi th  r a d i u s ,  
( b )  Constant  chord l e n g t h  a t  each r a d i u s ,  
( c )  Constant  s o l i d i t y  wi th  r a d i u s  ( r a d i a l  l e a d i n g  
and t r a i l i n g  edges) ,  and 
( d )  Spec i f i ed  l i n e a r  (non - r ad i a l  ) chord v a r i a t i o n  
wi th  r a d i u s .  
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For each of t h e  above cond i t i ons ,  f i r s t  and second o r d e r  de- 
s i g n s  u s i n g  two and t h r e e  b lades  were c a l c u l a t e d .  
The cons t an t  chord l e n g t h  des ign  was p a r t i c u l a r l y  appea l ing .  
Taking t h e  second order ,  two bladed cons t an t  chord l e n g t h  ve r s ion  
and l i n i n g  up t h e  t r a i l i n g  edges t o  form a  r a d i a l  t r a i l i n g  edge 
r e s u l t s  i n  a  swept l e ad ing  edge. 
An exper imental  s t udy  of h e l i c a l  i nduce r s  conducted by 
Acosta ( 4 )  l o c a t e d  r eg ions  of va r ious  modes of c a v i t a t i n g  f low.  
Included among t h e s e  were no c a v i t a t i o n ,  b l a d e  t i p  c a v i t a t i o n ,  
a l t e r n a t e  b l ade  c a v i t a t i o n ,  f u l l y  developed c a v i t a t i o n ,  break-  
down, and o s c i l l a t i n g  c a v i t a t i o n .  The boundar ies  o f  t h e s e  r e g i o n s  
were n o t  s h a r p l y  def ined  bu t  were t y p i c a l  of a l l  h e l i c a l  i nduce r s  
s t u d i e d  i n  ( 4 ) .  The e f f e c t  of  va r ious  geomet r ica l  changes on 
minimizing t h e  e x t e n t  and s e v e r i t y  of  t h e  o s c i l l a t i n g  mode was 
examined i n  d e t a i l .  I n c r e a s i n g  t h e  t i p  c l e a r a n c e  helped s u r -  
p r e s s  t h e  o s c i l l a t i o n s  b u t  a t  t h e  expense of  c a v i t a t i n g  pe r -  
formance and o v e r a l l  e f f i c i e n c y .  A v a r i a b l e  l e a d  h e l i x  (go a t  
l e ad ing  edge t o  6' a t  t r a i l i n g  edge)  g r e a t l y  reduced t h e  e x t e n t  
of t h e  o s c i l l a t i n g  mode whi le  causing l i t t l e  change i n  o v e r a l l  
o r  c a v i t a t i n g  performance. ( A  v a r i a b l e  l e a d  h e l i x  i s  a c t u a l l y  a 
s imple  form of cambered b l a d e ) .  F i n a l l y ,  t h e  e f f e c t  o f  changing 
t h e  leasing edge from a  r a d i a l  l i n e  t o  a  s p i r a l  l i n e  was ex- 
amined. This  mod i f i ca t i on  had t h e  e f f e c t  o f  dep re s s ing  t h e  
occurrence of o s c i l l a t i n g  c a v i t a t i o n  t o  lower c a v i t a t i o n  num- 
be r s  and improving t h e  c a v i t a t i n g  performance.  
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The non - r ad i a l  o r  s p i r a l  l e ad ing  edge concept  has  a l s o  
appeared i n  a  number of i nduce r s  f o r  o p e r a t i o n a l  r o c k e t  engines  
i n c l u d i n g  t h e  J-2  o x i d i z e r  and J-2  f u e l  i nduce r s  and t h e  F-1 
o x i d i z e r  inducer  f o r  u s e  i n  t h e  Sa tu rn  V launch v e h i c l e .  The 
non-dimensional l e a d i n g  edge and t r a i l i n g  edge p r o f i l e s  of  t h e s e  
i nduce r s  a r e  shown i n  F igu re  18. A l l  t h r e e  employ t a p e r e d  hubs, 
thus  t h e  en t r ance  hub r a d i i  a r e  d i f f e r e n t  from t h e  e x i t  hub 
r a d i i .  The f ive- te rm model p r o f i l e s  on t h e  same f i g u r e  which 
w i l l  be  expla ined l a t e r  have t h e  same hub r a d i i  f o r  e n t r a n c e  
and e x i t  (non- t ape red  o r  c y l i n d r i c a l  hub ) . 
Swept o r  s p i r a l  l e a d i n g  edges a l s o  have c e r t a i n  s t r u c t u r a l  
advantages  over r a d i a l  l e a d i n g  edge p r o f i l e s .  F igu re  1 9  shows 
t h e  f a t i g u e  f a i l u r e  o f  t h e  o u t e r  p o r t i o n  of t h e  l e a d i n g  edge of 
a  Phase I model ( c o n s t a n t  p r e s s u r e  cambered). The f a i l u r e ,  due 
t o  f l u c t u a t i n g  l oads  on t h e  t h i n  l ead ing  edge of t h e  b lade ,  
occurred very  n e a r l y  a long  a l i n e  formed by t h e  a r c  of  a  c i r c l e  
wi th  t h e  c e n t e r  a t  t h e  t i p  l e a d i n g  edge corner  of  t h e  b l a d e  and 
r a d i u s  equal  t o  17  p e r c e n t  of t h e  chord a t  t h e  t i p  r a d i u s .  
Blade con f igu ra t i ons  u s i n g  swept l e a d i n g  edges avoid  t h e  problem 
of r a d i a l  s e c t i o n s  wi th  un i formly  t h i n  c r o s s - s e c t i o n s  and r e -  
s u l t i n g  h igh  s t r e s s e s .  I n s t e a d ,  each r a d i a l  s e c t i o n  has  a  
t ape red  shape wi th  t h i n  o u t e r  edges g r a d u a l l y  i n c r e a s i n g  t o  
t h i c k e r  r o o t  s e c t i o n s .  Th is  i s  i l l u s t r a t e d  by F igu re  20. The 
e f f e c t  o f  t h e  swept l e a d i n g  edge on t h e  b l ade  p r o j e c t e d  p r o f i l e  
i s  t o  a c t u a l l y  e l i m i n a t e  t h a t  p o r t i o n  of t h e  b l ade  which f a i l e d  
a s  shown i n  F igu re  19. 
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The f i n a l  des ign  s e l e c t e d  f o r  t e s t i n g  was t h e  second-order ,  
two-bladed, cons t an t  chord l e n g t h  case  u s i n g  a  r a d i a l  t r a i l i n g  
edge. This  i s  t h e  model whose l e a d i n g  and t r a i l i n g  edge pro-  
f i l e s  a r e  shown i n  F igu re  18. 
Table  3 summarizes t h e  parameters  of  t h i s  de s ign  a t  each 
of t h r e e  r a d i i  and F igu re  21 shows two views of t h e  i m p e l l e r .  
The des ign  was found t o  be  marg ina l ly  s t a b l e  u s ing  t h e  Yeh s t a -  
b i l i t y  c r i t e r i o n  (16)  a t  t h e  midspan. 
Overa l l  Condi t ions :  
Discharge,  Q = 1464 gpm - 3 . 2 6  c f s  
Tandem t o t a l  head, HT = 116 f t .  
F i r s t  s t a g e  t o t a l  head, H = 17.4  f t .  
Tandem s p e c i f i c  speed,  
NsT 
= 4,310 
F i r s t  s t a g e  s p e c i f i c  speed, N = 18,010 
S 
Net p o s i t i v e  s u c t i o n  head, 
NPSH = 8.81 f t .  
Number of  b l ades  = 2 
The f i r s t  s t a g e  inducer  des ign  desc r ibed  above was manu- 
f a c t u r e d  and t e s t e d  i n  t h e  HYDRONAUTICS pump loop f a c i l i t y .  
F igu re  22 shows t h e  i m p e l l e r  a s  b u i l t .  The procedure  and r e -  
s u l t s  of t h e  t e s t s  a r e  p resen ted  i n  Sec t ion  4 . 3 .  
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TABLE 3 
Summary of S t age  1 Two-Bladed, Second Order Design Using 
Five-Term Cambered Sec t ions  and Constant Chord 
Q u a n t i t y  
T ip  Radius 
R = 3 .5"  
Head C o e f f i c i e n t ,  
Cav i t a t i on  Number, o 
P e r i p h e r a l  Speed, U 
R e l a t i v e  I n l e t  Angle, PI  
R e l a t i v e  Mean Angle, pm 
R e l a t i v e  O u t l e t  Angle, ,B2 
Axial  Flow Veloc i ty ,  Vf 
AVU, f p s  
C~ c  
- -  
a d 
c  ( i n c h e s )  
Nominal Reference Line 
Angle of Attack,  a 
Geometric Chord Line 
Angle of At tack  
S o l i d i t y ,  c/d 
Camber C o e f f i c i e n t ,  k  
, Sec t ion  Ef f i c i ency ,  7 
I 
1 L i f t  C o e f f i c i e n t  CL 
L 
0.0375 
0.0132 
122 .2  f p s  
81°07 
80'55 
80'46 
19 .12  f p s  
4.58 f p s  
Mid Radius 
R = 2.8"  
0.0375 
0.0203 
97.9 f p s  
78'56 
78'36 
78'17 I 
19 .12 f p s  
5.72 f p s  
Hub Radius 
R = 2 .1"  
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Bas ic  s t r u c t u r a l  c o n s i d e r a t i o n s  a r e  p r e sen t ed  i n  Reference 34.  
The o v e r r i d i n g  requirement  f o r  s u p e r c a v i t a t i n g  s e c t i o n s  i s  always 
t h a t  t h e  upper s u r f a c e  o f  t h e  f o i l  l i e  w i t h i n  t h e  c a v i t y  gene ra t ed  
by t h e  wet ted p o r t i o n  of t h e  b l a d e .  When t h i s  cond i t i on  i s  s a t i s -  
f i e d ,  t h e  upper s u r f a c e  does n o t  c o n t r i b u t e  t o  t h e  hydrodynamics 
of  t h e  flow and i s  e n t i r e l y  determined from s t r u c t u r a l  cons idera -  
t i o n s .  
The r e l a t i o n s h i p  between t h e  model and p ro to type  s t r e s s  i s  
(34 )  : 
2 
Model S t r e s s  Pm n  D 
- 
Fro to type  s t r e s s  - ( ( = I. 
A s  d i s cus sed  i n  Reference 34 a  survey  of t y p i c a l  r o c k e t  
i nduce r s  e s t a b l i s h e d  a  p r e l i m i n a r y  range  o f  k va lues  of  0 .2 -0 .4  
f o r  t h e  models p r e s e n t l y  under c o n s i d e r a t i o n .  
I f  t h e  t i t a n i u m  a l l o y  T i - A l  6-V4 i s  assumed f o r  t h e  p r o t o -  
7 type,  t h e  1 0  c y c l e  f a t i g u e  l i m i t  w i th  a  load  f a c t o r  of  0 . 4 0  
a t  room tempera ture  i n  a  non-cor ros ive  environment i s  about  
100,OOC p s i  ( 4 4 ) .  A f a c t o r  of  s a f e t y  of 2 w i l l  p rov ide  a  pro-  
t o t y p e  des ign  s t r e s s  of 50,000 p s i .  It should be noted t h a t  
t h e  s e l e c t i o n  of t h e  load  f a c t o r  and f a c t o r  o f  s a f e t y  i n  t h i s  
case  was a r b i t r a r y .  I n  a d d i t i o n  t h e  u l t i m a t e  s t r e n g t h  and 
y i e l d  s t r e s s  of  Ti-AR6-V4 i n c r e a s e s  by n e a r l y  100 pe rcen t  a s  t h e  
temperature  i s  reduced from 7 8 ° ~  t o  - 4 2 0 ' ~  ( 4 4 ) .  Th is  behavior  
i s  t y p i c a l  f o r  most metals  and a l l o y s  ( 4 5 ) .  Thus t h e  u s e  of  
room tempera ture  va lues  appears  extremely conse rva t ive  f o r  
cyrogenic  a p p l i c a t i o n s .  Fa t i gue  da t a  i n  LH2 o r  LOX, however, 
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i s  n o t  a v a i l a b l e  and s t r e s s - c o r r o s i o n  c o n s i d e r a t i o n s  may s e v e r e l y  
reduce  t h e  a l l owab le  des ign  s t r e s s .  A b r i e f  d i s c u s s i o n  of t h e  
e f f e c t  of c a v i t a t i o n  damage on b l ade  l i f e  i s  p re sen t ed  i n  Sec- 
t i o n  4 . 3 . 6 ,  however, f u r t h e r  d i s c u s s i o n  of t h e  m a t e r i a l  problems 
i n  t h e  p ro to type  i nduce r  i s  beyond t h e  scope and i n t e n t  o f  t h e  
p r e s e n t  s t udy .  
The c r i t i c a l  s t r e s s  i n  supe rcav i  t a t i n g  f o i l  s e c t i o n s  a s  
a r e  p r e s e n t l y  be ing  considered i s  n e a r l y  always i n  t h e  l e a d i n g  
edge chordwise bending mode. 
Experience with s u p e r c a v i t a t i n g  p r o p e l l e r s  has  i n d i c a t e d  
t h a t  c a l c u l a t i o n  of t h e  chordwise bending s t r e s s  a t  a  l o c a t i o n  
20 pe rcen t  from t h e  l e a d i n g  edge prov ides  a  good c r i t e r i o n  f o r  
maximum s t ~ e s s  i n  t h i s  mode. This  s i m p l i f i e d  c a l c u l a t i o n  which 
cons ide r s  t h e  b l ade  t o  be composed of an i n f i n i t e  number of  
p a r a l l e l  and independent c a n t i l e v e r  beams has a l s o  been checked 
u s i n g  a  complex s t r e s s  c a l c u l a t i o n  based on a  s h e l l  s t r u c t u r e  of  
va ry ing  th i cknes s  and non-uniform load ing .  Agreement between 
t h e  komplex and s i m p l i f i e d  methods has  been wi th in  5-10 p e r c e n t .  
i 
This  i s  very  c l o s e  agreement cons ider ing  t h e  assumptions of  t h e  
s i m p l i f i e d  approach,  The same approach was t h e r e f o r e  used f o r  
t h e  s t r e s s  c a l c u l a t i o n  i n  a  supe racav i t a t i ng  i nduce r  b l a d e .  
The fo l lowing  equa t ion  de r ived  i n  Reference 26 may be used 
t o  g i v e  t h e  s t r e s s  i n  chordwise bending a t  t h e  20 pe rcen t  chord 
when t h e  b l ade  p r e s s u r z  d i s t r i b u t i o n  over t h i s  p o r t i o n  i s  
g o v e ~ n e d  on ly  by t h e  coqtribu..tion due t o  a n g l e  of a t t a c k ,  Fig-  
ure i 3  shows t h i s  t o  be  generaaliy trize f o r  the f i v e  term cam- 
bered case ,  
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0 
0 .30  
- -  
B.M. 
a 
where 
5 2 0  = t h e  t h i c k n e s s  a t  t h e  20 pe rcen t  chord, 
C~ = t h e  l i f t  c o e f f i c i e n t  due t o  a n g l e  of  a t t a c k  
a 
only,  
P = t h e  f l u i d  dens i t y ,  and 
wl = t h e  a b s o l u t e  f l u i d  v e l o c i t y  r e l a t i v e  t o  t h e  
b l ade .  
A t  t h e  des ign  o p e r a t i n g  p o i n t ,  t h e  f i v e  term cambered model 
having a  h e l i c a l  back s u r f a c e  has  a  chordwise bending s t r e s s  of  
6630 p s i  a t  t h e  t i p  r a d i u s .  Using a  p ro to type  working s t r e s s  of 
50,000 p s i ,  t h e  r a t i o  o f  model t o  p ro to type  s t r e s s  i n  Equation 
[8 ]  i s  0.1326. From Equation [ g ]  and u s i n g  70.8 lb/cu f t  f o r  
LOX and 4 . 3 9  lb/cu f t  f o r  LH2 we f i n d  t h a t  p ro to types  having 
t i p  speeds  o f  315 f p s  and 1263 f p s  a r e  s t r u c t u r a l l y  compat ible  
wi th  t h e  model i n  LOX and LH2 r e s p e c t i v e l y .  F igu re  23 p r e s e n t s  
a s  s o l i d  l i n e s  t h o s e  combinations o f  p ro to type  rpm and p r o t o -  
t ype  d iamete rs  which s a t i s f y  t h i s  requ i rement .  C i r c u l a r  p o i n t s  
a r e  inc luded  i n d i c a t i n g  t h e  e x i s t i n g  J-2  f u e l  and o x i d i z e r  i n -  
ducers  and t h e  F-1 o x i d i z e r  i nduce r .  The o t h e r  p o i n t s  f o r  con- 
j ec tu red  s h u t t l e  v e h i c l e  inducers  a r e  d i s cus sed  i n  Appendix B. 
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4 . 2  Second S t a g e  Design 
As d i s cus sed  i n  Reference 34 t h e  des ign  procedure  p re -  
sen ted  by Bowerman ( 2 4 )  a l lows  t h e  des ign  of a x i a l  flow pumps 
wi thout  t h e  u s e  of  exper imental  o r  t h e o r e t i c a l  cascade d a t a .  
This  p rocedure  was a t t r a c t i v e  f o r  t h e  second s t a g e  des ign  s i n c e  
no d a t a  e x i s t s  f o r  t h e  h igh  s o l i d i t y ,  h igh  s t a g g e r  a n g l e  cascades  
r e q u i r e d .  The o r i g i n a l  des ign  procedure  a s  p r e sen t ed  i n  ( 2 4 )  
made use  of t h e  r e s u l t s  o f  (25 )  i n  which t h e  d i s t r i b u t i o n  of  t h e  
th ree-d imens iona l  t a n g e n t i a l ,  a x i a l  and r a d i a l  v e l o c i t y  components 
due t o  a  s i n g l e  r a d i a l  l i n e  vo r t ex  i n  an annula r  space  a r e  g iven .  
The des ign  method c o n s i s t s  o f  r e p r e s e n t i n g  each i m p e l l e r  
b l ade  by a  number o f  r a d i a l  l i n e  v o r t i c e s .  One b l a d e  i s  removed 
from t h e  i m p e l l e r  and t h e  i n t e r f e r e n c e  s t r e a m l i n e  due t o  a l l  t h e  
o t h e r  b lades  and t h e  t o t a l  downstream v o r t i c i t y  i s  c a l c u l a t e d .  
The camber and th i cknes s  d i s t r i b u t i o n s  a r e  then superimposed on 
t h e  i n t e r f e r e n c e  s t r eaml ine ,  r e s u l t i n g  i n  t h e  f i n a l  i m p e l l e r  
de s ign .  
Reference 42 d i s c u s s e s  r e s u l t s  i n  which t h e  c a l c u l a t i o n s  of  
(25) were r epea t ed  and extended t o  cover l a r g e r  hub d iamete r  
r a t i o s  than t h e  0 . 6 0  o r i g i n a l l y  c a l c u l a t e d .  Larger  hub d iamete r  
r a t i o s  were r e q u i r e d  p r i n c i p a l l y  t o  lower t h e  va lue  o f  t h e  d i f -  
f u s i o n  f a c t o r  (46 )  below t h e  c r i t i c a l  v a l u e  of 0 . 6 0  a t  a l l  r a d i i .  
During t h e  t e s t s  of t h e  second s t a g e  inducer  of Phase I ( 3 4 )  
n e i t h e r  t h e  t o t a l  head nor  t h e  a x i a l  v e l o c i t y  remained c o n s t a n t  
a long  t h e  r a d i u s  a s  assumed i n  t h e  d e s i g n .  A c o n t r i b u t i n g  f a c t o r  
caus ing  t h i s  d i f f i c u l t y  was flow s e p a r a t i o n  a long  t h e  hub s e c t i o n  
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and r e s u l t i n g  flow " p i l e  up" a t  t h e  t i p  s e c t i o n s .  The d i f f u s i o n  
f a c t o r  ( 4 6 )  has  been shown t o  c o r r e l a t e  we l l  w i th  l i m i t i n g  b l a d e  
l oad ing  o r  s e p a r a t i o n  i n  a x i a l  f low compressor b l a d e s .  
C o r r e l a t i o n  w i t h  NACA compressor da t a  shows t h a t  t o  avoid  s epa ra -  
t i o n  t h i s  f a c t o r  should be  l e s s  than  0 .60 .  The Phase I second 
s t a g e  des ign  c a l l e d  f o r  d i f f u s i o n  f a c t o r s  a t  t h e  t i p  r a d i u s ,  mid 
r a d i u s ,  and hub r a d i u s  of 0.259, 0.362, and 0.701, r e s p e c t i v e l y .  
The d i f f u s i o n  f a c t o r  a t  t h e  hub was too l a r g e  because of  t h e  
h igh  head c o e f f i c i e n t  and low p e r i p h e r a l  speed.  It  could have 
been reduced by i n c r e a s i n g  t h e  hub diameter  r a t i o ,  b u t  t h e  neces-  
s a r y  annu la r  v e l o c i t y  d i s t r i b u t i o n s  f o r  t h e  Bowerman method were 
o n l y  a v a i l a b l e  f o r  a  0 .60  hub a t  t h e  t ime.  
For t h e  new second s t a g e  des ign ,  a  hub r a t i o  of 0 .70  was 
chosen. The des ign  technique  was t h a t  of (24 )  w i th  s l i g h t  
mod i f i ca t i ons .  S p e c i f i c a l l y ,  t h e  t echnique  of ( 2 4 )  r e s u l t s  i n  a  
p r e s c r i b e d  v a r i a t i o n  of chord w i t h  r a d i u s  a s  a  r e s u l t  of t h e  
op t imiza t ion  of c a v i t a t i o n  performance.  I n  t h e  p r e s e n t  case ,  t h e  
v a r i a t i o n  of chord wi th  r a d i u s  was a r b i t r a r i l y  p r e s c r i b e d .  This  
i s  a  minor c o n s i d e r a t i o n  f o r  t h e  h igh  s o l i d i t y  b lades  and l a r g e  
hub r a t i o  of t h e  p r e s e n t  des ign  f o r  which t h e  c a v i t a t i o n  op t imiza-  
t i o n  of  (24 )  has l i t t l e  e f f e c t .  The chord v a r i a t i o n s  con- 
s i d e r e d  inc luded  : 
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( a  ) Constant  s o l i d i t y ,  c/d, 
( b )  Constant  a x i a l  e x t e n t ,  t t ,  
( c )  Constant  chord, c, 
( d )  180' wrap a t  hub and 45' l e a d i n g  edge sweep, and 
( e )  180' wrap a t  hub and 60' l e ad ing  edge sweep. 
Case ( e )  was chosen and t h e  parameters  of t h i s  de s ign  a r e  t abu-  
l a t e d  i n  Table  4 .  The o v e r a l l  des ign  u t i l i z e d  t h e  fo l lowing:  
Number of  b l ades  - 4 
Vor t i ce s  pe r  b l ade  i n  Bowerman technique  - 6  
Camber type  - NACA "65" 
Thickness d i s t r i b u t i o n  - NACA 16-009 f u n c t i o n  
Thickness - t i p  1 . 5  pe rcen t ,  mid 2 . 5  pe rcen t ,  
hub 4 . 5  pe rcen t  
Hub r a t i o  - 0 .70  
The t a n g e n t i a l  component of v e l o c i t y  V u  due t o  a l l  b lades  ex- 
cep t  t h e  one removed i s  non-dimensionalized a s  fo l l ows :  
The va lue  o f  C i n  ( 2 4 )  and (34)  was found t o  v a r y  a lmost  8 
l i n e a r l y  w i th  non-dimensional a x i a l  d i s t a n c e  t = z / r t  Thus, 
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TABLE 4 
Summary of 2nd Stage,  4-Bladed Design 
wi th  0 .70 ~ub/Diameter Ra t io  
Quan t i ty  
Head Coef f i c i en t ,  $ 
Per iphe ra l  speed 
Axial  flow v e l o c i t y  
vu J 
i n l e t  
Di f fus ion  f a c t o r  
9, t a n g e n t i a l  ex ten t  
T i p  Radius 
( 3 . 5 " )  
0.2125 
1 2 2 . 2  fps  
24.0 f p s  
4 .57 fps  
Mid Radius 
(2 .975")  
0.2125 
103.8 
24.0 
5 .38  
Hub Radius 
(2.45" ) 
0.2125 
85.5 
24.0 
6 .53  
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where t t  i s  t h e  v a l u e  of 4 a t  t h e  t r a i l i n g  edge of t h e  f o i l .  
I n  (26 )  a  s l i g h t l y  c l o s e r  express ion  was found t o  be  
The s t r e a m l i n e  equa t ion  (which d e f i n e s  t h e  s t r e a m l i n e  a t  each 
r a d i u s  about  which t h e  i s o l a t e d  cambered b l ade  shape must be 
p l a c e d )  was t h u s  found t o  be 
where 
v, v, 
v ~ l  - ve 1 A = - - -  
Lor , Ut t 
n  = number of  b lades ,  
V = a x i a l  v e l o c i t y ,  f  
V = i n l e t  t a n g e n t i a l  v e l o c i t y ,  
0 1 
rb = c i r c u l a t i o n  p e r  b lade ,  and 
~o = r o t a t i o n a l  speed.  
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' 
K1 and K2 a r e  based on t o t a l  c i r c u l a t i o n  f o r  a l l  b l ades .  
The va lues  of K K1 and K2 f o r  t h r e e  r a d i i  a r e  p r e sen t ed  below: 
0' 
A camber l i n e  o f  t h e  NACA 65 s e r i e s  was chosen and a  t h i c k n e s s  d i s -  
t r i b u t i o n  of t h e  NACA 16  s e r i e s  was used ,  These d i s t r i b u t i o n s  
a long  wi th  t h e  above des ign  procedure  determined t h e  f i n a l  coord i -  
n a t e s  o f  t h e  i m p e l l e r  b l ades .  
F igu re  24 shows t h e  f i n a l  b l a d e  p r o f i l e s  f o r  t h e  second 
s t a g e  and F igu re  25 p r e s e n t s  a  view of t h e  three-dimensional  i m -  
p e l l e r  a s  i t  appears  when t h e  s e c t i o n s  a r e  wrapped around t h e  
r e q u i r e d  0 . 7 0  hub and i n  tandem wi th  t h e  0 . 6 0  hub r a t i o  f i ve - t e rm 
cambered f i r s t  s t a g e  p r e v i o u s l y  desc r ibed .  
4 .3  Five-Term Cambered F i r s t  S t age  T e s t s  
4 . 3 . 1  Ove ra l l  Performance - The two-bladed f i r s t  s t a g e  
of  F igu re  22 was t e s t e d  i n  t h e  HYDRONAUTICS pump loop  u s i n g  t h e  
exper imental  t echn iques  p r e v i o u s l y  d i s c u s s e d .  F igu re  26 sum- 
marizes  t h e  o v e r a l l  performance of t h i s  s t a g e  with head c o e f f i -  
c i e n t  a s  a  f u n c t i o n  of s u c t i o n  s p e c i f i c  speed.  Note t h a t  s i g n i f -  
i c a n t  improvement i n  t h e  o p e r a t i n g  s u c t i o n  s p e c i f i c  speed has  
been ob ta ined  a s  compared t o  t h e  p rev ious  t e s t s  u s i n g  cons t an t  
p r e s s u r e  cambered s e c t i o n s  ( 3 4 ) .  The des ign  head c o e f f i c i e n t  
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and s u c t i o n  s p e c i f i c  speed have bo th  been ob t a ined ,  b u t  a t  a  
flow c o e f f i c i e n t  of on ly  about  80 pe rcen t  of  t h e  des ign  v a l u e .  
This  i s  a  r e f l e c t i o n  of t h e  i n a b i l i t y  of  t h e  b l ades  o p e r a t i n g  i n  
a  r e a l  th ree-d imens iona l  flow t o  ach i eve  t h e  i d e a l  two-dimensional 
l i f t  c o e f f i c i e n t s  t h e o r e t i c a l l y  p r e d i c t e d  a t  t h e  ang le s  of  a t t a c k  
and c a v i t a t i o n  numbers p r e d i c t e d .  With t h e  r e s u l t a n t  lower n e t  
head gene ra t i on ,  t h e  c a v i t i e s  do no t  s e e  t h e  s t a t i c  p r e s s u r e  r i s e  
neces sa ry  t o  t e r m i n a t e  a t  a  f i n i t e  l e n g t h  and t h e y  s l i p  i n t o  t h e  
i n f i n i t e  c a v i t y  range  r e s u l t i n g  i n  even l e s s  head g e n e r a t i o n .  
A dec rease  i n  flow c o e f f i c i e n t  i n c r e a s e s  t h e  a n g l e  of  a t t a c k  
of t h e  b lades  and thus  t h e  l i f t  c o e f f i c i e n t  and head g e n e r a t i o n .  
As an  example, cons ider  t h e  e f f e c t  o f  changing t h e  flow c o e f f i -  
c i e n t  from 0 .10  t o  0.08 wi th  t h e  assumption of uniform in f low 
and c o n s t a n t  r o t a t i v e  speed.  I n  t h e  p r e s e n t  des ign ,  t h e  d e s i g n  
chord l i n e  ang le s  of a t t a c k  wi th  uniform in f low f o r  4J = . 1 0  a r e  
0 
5' 361, 6 O 3 0 1 ,  and 8' 36l a t  t h e  hub, mid,  and t i p  r a d i i  r e s p e c -  
t i v e l y   a able 3 ) .  Decreas ing 4Jo  t o  0 .08  whi le  main ta in ing  u n i -  
0 form would i n c r e a s e  t h e s e  va lues  t o  7 1 8 ' ,  8' 4 0 1 ,  and 11' 2 6 1 ,  
r e s p e c t i v e l y .  
F igu re  27 shows t h e  r a d i a l  v a r i a t i o n  of  head g e n e r a t i o n  
and a x i a l  flow v e l o c i t y  f o r  a  t y p i c a l  da t a  p o i n t .  Note t h a t  
bo th  a r e  non-uniform with maximum head g e n e r a t i o n  occu r r ing  a t  
t h e  t i p  r a d i u s  and cons ide rab ly  l e s s  a t  t h e  mid and hub r a d i i .  
The hub- r a d i u s  t y p i c a l l y  g e n e r a t e s  more head than t h e  mid r a d i u s .  
These obse rva t ions  can b e  expla ined by t h e  e f f e c t s  of t h e  i n f low  
v e l o c i t y  d i s t r i b u t i o n  and r e a l  f l u i d  and th ree-d imens iona l  e f f e c t s  
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on t h e  i m p e l l e r .  The boundary l a y e r  genera ted  by t h e  c a s i n g  of 
t h e  pump causes  t h e  l o c a l  a x i a l  v e l o c i t y  t o  be reduced a s  i n d i -  
ca ted  by t h e  in f low v e l o c i t y  p r o f i l e  of  F igu re  27. This  r e s u l t s  
i n  a  l o c a l  r e d u c t i o n  of flow c o e f f i c i e n t  nea r  t h e  t i p  and t h u s  a  
h igh& l o c a l  head g e n e r a t i o n .  The hub r a d i u s  probably  s e e s  a  
lower a n g l e  o f  a t t a c k  due t o  p r e r o t a t i o n  of t h e  flow by t h e  hub 
sp inne r  ahead of t h e  impe l l e r ,  t h u s  reduc ing  t h e  e f f e c t i v e  
p e r i p h e r a l  speed of t h e  b l ade  a t  t h e  hub r a d i u s .  Th is  i s  v e r i -  
f i e d  by t h e  tendency f o r  t h e  b lades  t o  remain f u l l y  wet ted nea r  
t h e  hub. Reduced ang le  of  a t t a c k  on a  s u p e r c a v i t a t i n g  b l a d e  
causes a  reduced head gene ra t i on  o n l y  t o  t h e  p o i n t  where t h e  
b lade  becomes f u l l y  wet ted (base  c a v i t a t i n g ) .  The f u l l y  wet ted 
s e c t i o n  g e n e r a t e s  more head even though t h e  a n g l e  of a t t a c k  may 
be l e s s .  A boundary i n  F igu re  26 shows t h e  l i m i t  o f  f u l l y  super -  
c a v i t a t i n g  o p e r a t i o n  f o r  t h e  i m p e l l e r  and i n d i c a t e s  a  cons ide r -  
a b l e  r e g i o n  where t h e  flow i s  n o t  f u l l y  s u p e r c a v i t a t i n g .  Cavi ty  
l e n g t h s  r e p o r t e d  a r e  t h o s e  o f  t h e  base  c a v i t y  a s  observed a t  t h e  
t i p  r a d i u s .  When s u p e r c a v i t a t i n g ,  t h e  three-dimensional  v a r i a -  
t i o n  of  c a v i t y  l e n g t h  w i th  r a d i u s  i s  such t h a t  t h e  c a v i t i e s  a r e  
l o n g e s t  a t  t h e  t i p  and s h o r t e r  a t  the  hub wi th  t h e  c o l l a p s i n g  
r e g i o n  rough ly  p a r a l l e l i n g  t h e  l ead ing  edge of t h e  fo l lowing  
b lade .  
Another e f f e c t  of  low i m p e l l e r  head gene ra t i on  r e s u l t s  i n  
f a c e  c a v i t a t i o n  which occurs  nea r  t h e  40 pe rcen t  chord.  This  
almost  always appears  i n  vary ing  degrees  when t h e  head c o e f f i -  
c i e n t  i s  .03 o r  l e s s .  The r eg ion  of occur rence  i s  a l s o  i n d i -  
ca ted i n  F igu re  26. 
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Photographs of t y p i c a l  c a v i  t a  t i n g  performance a r e  shown i n  
F igu re s  28, 29, 30 and 31. I n  F igu re  28 t h e  flow cond i t i ons  a r e :  
Note t h e  c l e a r l y  s e p a r a t e  base  and t i p  c a v i t i e s  t r a i l i n g  t h e  
b l ade  and t h e  f a c t  t h a t  t h e s e  c a v i t i e s  t e rmina t e  a t  e x a c t l y  t h e  
same p o i n t .  The r o t a t i o n  i s  toward t h e  bottom of  t h e  p i c t u r e ,  
flow from r i g h t  t o  l e f t ,  and t h e  c a v i t y  t o  t h e  l e f t  i s  t h e  base  
c a v i t y .  The b a s e  c a v i t y  extends  a c r o s s  t h e  f u l l  r a d i u s  wh i l e  
t h e  t i p  c a v i t y  i s  conf ined t o  t h e  r e g i o n  nea r  t h e  w a l l .  F ig-  
u r e  29 shows t h e  same flow cond i t i on .  Note t h e  e x t e n s i v e  gap 
c a v i t a t i o n  and t h e  t r a i l i n g  c a v i t i e s  from t h e  o t h e r  b l a d e  i n  
t h e  lower l e f t  corner  of  t h e  p i c t u r e .  Flow o r i e n t a t i o n  i s  t h e  
same a s  i n  F igu re  28. F igu re  30 shows a  s i m i l a r  view f o r  t h e  
cond i t i ons  : " 
Q, = 0 . 1 0  
0 
/c 
= 2 . 7 5  
II/ = 0.036 
N = 25,700 
S S  
The t i p  and base  c a v i t i e s  have merged a t  t h e  wal l  and l e s s  gap 
c a v i t a t i o n  i s  o c c u r r i n g ,  A t r a n s i e n t  detached c a v i t y  gene ra t ed  
by one b lade  i s  c o l l a p s i n g  near  t h e  t r a i l i n g  edge of t h e  f a c e  
of t h e  o t h e r  b l ade .  F igu re  31 shows t h e  flow cond i t i ons :  
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I n  t h i s  case  t h e  base  and t i p  c a v i t i e s  a r e  aga in  merged and t h e  
base  c a v i t y  shows a  long  c o l l a p s i n g  r e g i o n .  Ove ra l l  flow, however, 
i s  s t i l l  s t e a d y .  
F igu re  32 p r e s e n t s  t h e  performance of t h e  two-bladed model 
i n  terms of head c o e f f i c i e n t  versus  NPSH. Flow c o e f f i c i e n t s ,  
c a v i t y  l eng ths  and r e g i o n s  of i n s t a b i l i t y  a r e  a l l  i n d i c a t e d  on 
t h i s  f i g u r e .  Using t h e  d a t a  of  F igu re  32, F igu re  33 may be  con- 
s t r u c t e d  g i v i n g  head c o e f f i c i e n t  a s  a  f u n c t i o n  of f low c o e f f i c i e n t ,  
t h i s  i s  e s s e n t i a l l y  t h e  f a m i l i a r  head-discharge r e l a t i o n  used i n  
a l l  pump c h a r a c t e r i z a t i o n .  
From t h e  exper imental  r e s u l t s  on t h e  two-bladed model, i t  
was apparen t  t h a t  t h e  des ign  goa l  head and s u c t i o n  s p e c i f i c  speed 
requ i rements  could n o t  be met wi th  t h e  model a t  t h e  r e q u i r e d  flow 
c o e f f i c i e n t ,  Although s i g n i f i c a n t  improvement over t h e  c o n s t a n t  
p r e s s u r e  cambered f i r s t  s t a g e s  (34 )  was ach ieved .  
A model having t h e  same b l ade  p r o f i l e s  bu t  w i th  t h r e e  b lades  
i n s t e a d  of two was cons t ruc t ed  i n  t h e  b e l i e f  t h a t  t h e  h i g h e r  
s o l i d i t y  b lades  might improve head gene ra t i on  and thus  d e l a y  break- 
down t o  a  h igher  N v a l u e  a t  h ighe r  flow c o e f f i c i e n t .  The b lades  
S S  
0 
were a l s o  reduced i n  p i t c h  by 1 t o  a l low h ighe r  flow c o e f f i c i e n t  
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va lues  wi th  s i m i l a r  a n g l e s  of a t t a c k .  F igu re  34 shows t h e  r e -  
s u l t i n g  th ree-b laded ,  f i ve - t e rm cambered f i r s t  s t a g e .  The s u c t i o n  
performance ob ta ined  from pump loop  t e s t s  i s  i n d i c a t e d  i n  F igu re  
35 where head c o e f f i c i e n t  i s  p re sen t ed  a s  a  f u n c t i o n  of  N . A s  
SS 
i n  F igu re  26 f o r  t h e  two bladed model, c a v i t y  l e n g t h s  and r e g i o n s  
o f  va r ious  c a v i t a t i o n  p a t t e r n s  a r e  i n d i c a t e d .  A phenomenon n o t  
noted f o r  t h e  two bladed model ( b u t  r e f e r r e d  t o  i n  Reference  4 )  
was found i n  t h e  t h r e e  bladed ca se .  Th is  was t h e  e x i s t e n c e  of  a  
l a r g e  r e g i o n  of  unequal c a v i t y  l e n g t h s  ( i . e .  t h e  l e n g t h s  o f  t h e  
c a v i t i e s  on a l l  t h r e e  b l ades  were no t  e q u a l ) .  I n  most ca se s  two 
c a v i t i e s  were of one l e n g t h  and t h e  t h i r d  e i t h e r  s h o r t e r  o r  
l onge r .  I n  a  few cases ,  however, a l l  t h r e e  were s l i g h t l y  d i f -  
f e r e n t .  The maximum d e v i a t i o n  i n  l?/c among t h e  b lades  du r ing  
t e s t i n g  amounted t o  on ly  about  20 pe rcen t  and was t y p i c a l l y  l e s s  
t han  1 0  p e r c e n t .  The phenomena i s  f e l t  t o  be hydrodynamic i n  
n a t u r e  and r e l a t e d  t o  t h e  cascade e f f e c t  r a t h e r  than p h y s i c a l  d i f -  
f e r ences  i n  t h e  t h r e e  b l a d e s ,  The v a r i a t i o n s  i n  t h e  p a t t e r n  could 
n o t  be p r e d i c t e d  t o  occur on any p a r t i c u l a r  b lade,  and a  check 
of t h e  " a s - b u i l t "  geometry showed d e v i a t i o n s  among t h e  t h r e e  t o  
be i n s i g n i f i c a n t .  The base  c a v i t y  l e n g t h s  r e p o r t e d  i n  t h e  r e -  
g ion  of  unequal  l e n g t h s  a r e  t h e  averages  o f  t h e  l e n g t h s  observed 
a t  t h e  p a r t i c u l a r  o p e r a t i n g  cond i t i on .  
A s  i s  r e a d i l y  observed on comparison of F igures  35 and 26, 
t h e  a d d i t i o n  of a  t h i r d  b l ade  g r e a t l y  i n c r e a s e d  t h e  head genera -  
t i o n  of  t h e  model a t  low Nss v a lues .  The breakdown N va lues  
SS 
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f o r  a l l  f low c o e f f i c i e n t s ,  however, were reduced.  The r e g i o n  
of f a c e  c a v i t a t i o n  was i n c r e a s e d  s u b s t a n t i a l l y  i n s p i t e  of i n -  
c reased  head g e n e r a t i o n .  The l e n g t h s  of base  c a v i t i e s  b e f o r e  
breakdown were a l s o  reduced.  A s  f o r  t h e  two bladed model, F ig-  
u r e  36 p r e s e n t s  t h e  v a r i a t i o n  i n  head c o e f f i c i e n t  wi th  NPSH f o r  
t h e  t h r e e  bladed model. From t h i s  a  head c o e f f i c i e n t  ve r sus  
flow c o e f f i c i e n t  (head-d i scharge)  r e l a t i o n s h i p  may be cons t ruc t ed  
a s  shown i n  F igu re  37. 
F igu re s  38 and 39 i n d i c a t e  l i n e s  of  cons t an t  h y d r a u l i c  e f -  
f i c i e n c y  superimposed on a  g r i d  of  head c o e f f i c i e n t  versus  NPSH 
f o r  t h e  two and t h r e e  bladed models r e s p e c t i v e l y .  E f f i c i e n c i e s  
t y p i c a l l y  r ange  from 30 t o  60 pe rcen t  over  t h e  ope ra t i ng  r a n g e .  
The e f f i c i e n c y  nea r  t h e  des ign  goa l  i s  shown t o  be on ly  35 - 
40 p e r c e n t .  Th i s  i s  q u i t e  low, i l l u s t r a t i n g  t h e  f e a s i b i l i t y  of 
u s ing  such super  cav i t a  t i n g  turbomachinery i n  a p p l i c a t i o n s  o n l y  
where c a v i t a t i o n  i s  unavoidable  and where e f f i c i e n c y  i s  secondary 
t o  s t a b i l i t y  requ i rements .  It should  be  remembered when con- 
s i d e r i n g  t h e  e f f i c i e n c y  of S t age  1, however, t h a t  t h e  o v e r a l l  
e f f i c i e n c y  of t h e  tandem inducer  when s t a g e  2 i s  employed w i l l  
be s i g n i f i c a n t l y  h ighe r  due t o  t h e  more e f f i c i e n t  s u b c a v i t a t i n g  
second s t a g e  s e c t i o n s  and t h e  h i g h e r  percen tage  of t h e  t o t a l  
head g e n e r a t i o n  provided by t h a t  s t a g e ,  The cons t an t  p r e s s u r e  
cambered f i r s t  s t a g e s  of  Phase 1 ( 3 4 )  a l s o  had t y p i c a l  e f f i -  
c i e n c i e s  i n  t h e  range  of 35-40 pe rcen t ,  however t h e  tandem model 
achieved a  f a i r l y  r e s p e c t a b l e  65 pe rcen t  a t  t h e  ope ra t i ng  p o i n t .  
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F i g u r e  40 p r e s e n t s  t y p i c a l  o u t l e t  a x i a l  v e l o c i t y  d i s t r i b u -  
t i o n s  from t h e  f ive- te rm cambered models. F igu re  4 0 ( a )  f o r  t h e  
two bladed model a t  @0  = . l o ,  i l l u s t r a t e s  t h a t ,  except  a t  t h e  
t i p  r a d i u s ,  s u c t i o n  s p e c i f i c  speed had l i t t l e  e f f e c t  on t h e  axial out-  
l e t  v e l o c i t y  p r o f i l e .  The o u t l e t  p r o f i l e ,  due t o  r a d i a l  g r a d i e n t s ,  
i s  n o t  uniform a t  19 .10  f p s  a s  assumed, b u t  r a t h e r  t h e  a x i a l  ve- 
l o c i t y  i n c r e a s e s  from hub t o  t i p  w i th  some boundary l a y e r  e f f e c t s  
modifying t h e  hub and t i p  r e g i o n s .  A l i n e a r  o u t l e t  v e l o c i t y  
d i s t r i b u t i o n  vary ing  from 1 4 . 4  f p s  a t  t h e  hub t o  23 .0  a t  t h e  t i p  
b e t t e r  c h a r a c t e r i z e s  t h e  outf low v e l o c i t y  p r o f i l e  a t  @ = 0 .10  
0 
a s  shown i n  F igu re  4 0 ( a ) .  It  should  be noted t h a t  none of t h e  
d a t a  of 4 0 ( a )  i s  i n  t h e  f u l l y  s u p e r c a v i t a t i n g  flow regime bu t ,  
r a t h e r ,  has  p a r t i a l  back c a v i t i e s .  F igu re  40 ( b )  i l l u s t r a t e s  t h e  
e f f e c t  o f  flow c o e f f i c i e n t ,  aO ,  on o u t l e t  a x i a l  v e l o c i t y  p r o f i l e s  
f o r  t h e  same model a t  r e l a t i v e l y  h i g h  va lues  of s u c t i o n  s p e c i f i c  
speed rang ing  from 24,000 t o  29,500. A t  low va lues  of  @ (0 .07  - 
0 
0 .08 )  t h e  outf low v e l o c i t y  i s  r e l a t i v e l y  uniform becoming more 
non-uniform a s  t h e  flow c o e f f i c i e n t  i s  i n c r e a s e d .  A s  @ i s  i n -  
0 
creased,  however, t h e  flow regime changes from t h e  f u l l y  supe r -  
c a v i t a t i n g  t o  p a r t i a l l y  c a v i t a t i n g  flow cond i t i on  where t h e  flow 
i s  f u l l y  c a v i t a t i n g  a t  t h e  t i p ,  bu t  base  c a v i t a t i n g  (w i th  f u l l y  
wet ted back)  a t  t h e  hub wi th  a  range  of cond i t i ons  a t  i n t e r m e d i a t e  
r a d i i .  F igu re  4 0 ( c )  p r e s e n t s  s i m i l a r  d a t a  f o r  t h e  t h r e e  bladed 
model over a  wider range of flow c o e f f i c i e n t s ,  a  t r e n d  s i m i l a r  t o  
t h e  two bladed model i s  appa ren t .  A l l  o f  t h e  da t a  except  a t  t h e  
0 . 1 2  flow c o e f f i c i e n t  was i n  t h e  f u l l y  s u p e r c a v i t a t i n g  r ange .  It  
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i s  apparen t  from t h e  d a t a  o f  F igu re  40 t h a t  t h e  o u t l e t  a x i a l  flow 
v e l o c i t y  p r o f i l e s  a r e  s t r o n g l y  dependent on t h e  f low c o e f f i c i e n t  
and t h a t  when f u l l y  s u p e r c a v i t a t i n g  flow i s  mainta ined,  t h e  o u t l e t  
v e l o c i t y  p r o f i l e  i s  r e l a t i v e l y  uniform.  A s  t h e  va lue  o f  Q o  i s  
i nc rea sed  and t h e  p a r t i a l l y  back c a v i t a t i n g  mode of o p e r a t i o n  i s  
en te red ,  t h e  f low becomes more non-uniform wi th  cons ide rab ly  more 
flow i n  t h e  t i p  r e g i o n  than  a t  t h e  hub. 
F igu re  41 i l l u s t r a t e s  t y p i c a l  r a d i a l  v a r i a t i o n  of t o t a l  head 
bo th  upstream and downstream of t h e  two and t h r e e  bladed induce r s  
a t  a  flow c o e f f i c i e n t  of  0 .09  and a  v a r i e t y  of  s u c t i o n  s p e c i f i c  
speeds .  The o u t l e t  t o t a l  head v a r i a t i o n  f o r  a l l  N va lues  and 
ss 
f o r  bo th  models i s  s i m i l a r  wi th  a  h ighe r  v a l u e  a t  t h e  t i p  t han  
a t  t h e  hub. Higher N va lues  of course  r e s u l t  i n  lower t o t a l  
SS 
head r i s e  a s  shown i n  F igu re s  26 and 35. The d e v i a t i o n  from head 
t o  t i p  expressed a s  a  percen tage  of t h e  t i p  t o t a l  head v a r i e s  
from 9 pe rcen t  t o  28 p e r c e n t  wi th  most of  t h e  d a t a  between 15 
pe rcen t  and 25 p e r c e n t .  
4 . 3 . 2  Quasi Two-Dimensional Performance a t  Mid-Span - I n  
o r d e r  t o  o b t a i n  a  r e p r e s e n t a t i v e  performance sample approximating 
two dimensional  flow cond i t i ons ,  t h e  da t a  taken a t  t h e  mid-span 
and one s t a t i o n  t o  e i t h e r  s i d e  of  mid-span were averaged.  These 
va lues  a r e  p r e sen t ed  i n  t h e  fo l lowing  s e c t i o n  and a r e  r e f e r r e d  
t o  a s  mid-span c h a r a c t e r i s t i c s .  F igu re  4 2 ( a )  p r e s e n t s  t h e  mid- 
span l i f t  c o e f f i c i e n t  a s  a  func t ion  of chord l i n e  a n g l e  of 
a t t a c k  f o r  t h e  two bladed,  f ive- te rm cambered model. The mid- 
span phys i ca l  c h a r a c t e r i s t i c s  f o r  t h i s  model a r e :  
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Lines o f  cons t an t  l o c a l  c a v i t a t i o n  number, o, a r e  i n d i c a t e d  on 
t h e  p l o t  and f u l l y  s u p e r c a v i t a t i n g  p o i n t s  a r e  i n d i c a t e d  a s  com- 
pared t o  t h o s e  d a t a  n o t  a t  f u l l y  s u p e r c a v i t a t i n g  c o n d i t i o n s .  I n  
F igu re  ' l2 (b)  t h e  r a t i o  o f  CL/o i s  p l o t t e d  a g a i n s t  chord l i n e  
a n g l e  of  a t t a c k .  The d a t a  t ends  t o  be co l l apsed  by t h i s  r e p r e -  
s e n t a t i o n  b u t  cannot be adequa t e ly  r e p r e s e n t e d  by a  s i n g l e  curve.  
F igu re s  43 ( a )  and ( b )  p r e s e n t  s i m i l a r  r e s u l t s  f o r  t h e  mid-span 
c h a r a c t e r i s t i c s  of t h e  t h r e e  bladed f i v e  term cambered model. 
The mid-span c h a r a c t e r i s t i c s  f o r  t h i s  model a r e :  k  = 0.210, 
c/d = 0.781. Comparing F igu re  43 ( a )  t o  4 2 ( a ) ,  t h e  e f f e c t  of  i n -  
c reased  s o l i d i t y  on reduc ing  l i f t  c o e f f i c i e n t  (pe r  b l a d e )  i s  
apparen t  when curves wi th  equal  c a v i t a t i o n  numbers a r e  compared. 
Flow breakdown occurs  a t  h ighe r  ang le s  of a t t a c k  f o r  t h e  t h r e e  
bladed model. I n  F igu re  4 3 ( b ) ,  a  s i g n i f i c a n t  change i n  v a r i a -  
t i o n  of c J ~  wi th  chord l i n e  a n g l e  of  a t t a c k  f o r  t h e  h ighe r  so-  
l i d i t y  of t h e  t h r e e  bladed model can be e a s i l y  seen  when compared 
t o  4 2 ( b )  f o r  t h e  two bladed model. 
F igures  44, 45, 46, and 47 compare on ly  t h e  d a t a  i n  t h e  
f u l l y  s u p e r c a v i t a t i n g  o r  n e a r l y  f u l l y  s u p e r c a v i t a t i n g  r ange  t o  
t h e  f i r s t  and second o rde r  t h e o r e t i c a l  p r e d i c t i o n s  u s i n g  t h e  
r e s u l t s  of  ( 2 8 ) .  I n  a d d i t i o n ,  a s i m p l i f i e d  r e s u l t  g iven  by 
Reference 47 i n  which t h e  l i f t  c o e f f i c i e n t  of  a  cascade a t  o  = 0 
i s  c a l c u l a t e d  by analogy t o  flow - p a s t  a  s u p e r c a v i t a t i n g  i s o l a t e d  
f o i l  a t  o  = 0 ( i n f i n i t e  c a v i t y  l e n g t h )  o p e r a t i n g  over  a  f r e e  
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s u r f a c e .  The p r e s e n t  s o l i d i t y  and s t a g g e r  ang le s  f a r  exceed 
t h o s e  i n t ended  t o  be r e p r e s e n t e d  by t h e  analogy of ( 4 7 )  and t h e  
r e s u l t s  a r e  p r e sen t ed  h e r e  f o r  comparison t o  t h e  p r e s e n t  ca l cu -  
l a t e d  r e s u l t s  on ly ,  
I t  may be  concluded from t h e  r e s u l t s  p r e sen t ed  i n  F i g u r e s  44 
t h r u  47 t h a t ,  whi le  some d e v i a t i o n  i s  appa ren t  between t h e  ex- 
pe r imen ta l  and t h e o r e t i c a l  r e s u l t s ,  t h e  t h e o r y  (28 )  r ea sonab ly  
c a l c u l a t e s  t h e  cascade l i f t  performance f o r  t hose  c o n d i t i o n s  
which a r e  n e a r l y  two-dimensional and f u l l y  s u p e r c a v i t a t i n g .  The 
h ighe r  c a v i t a t i o n  number and, t h e r e f o r e ,  n o t  f u l l y  s u p e r c a v i t a t i n g  
da t a  shown i n  F igures  42 and 43 a r e  of course  n o t  we l l  p r e d i c t e d  
by t h e  t h e o r y  s i n c e  t h e  b a s i c  assumption o f  a  s u p e r c a v i t a t i n g  
flow i s  n o t  s a t i s f i e d .  The d a t a  of F igu re s  42 and 43 i n d i c a t e ,  
a s  would be expected,  t h a t  h ighe r  l i f t  c o e f f i c i e n t s  a r e  ob t a ined  
i n  p a r t i a l l y  o r  f u l l y  wet ted flow cond i t i ons .  The s e v e r e  f a c e  
c a v i t a t i o n  noted f o r  s e v e r a l  da t a  p o i n t s  i n  F igures  44 t h r u  47 
r e s u l t e d  i n  s i g n i f i c a n t  l i f t  r e d u c t i o n  and d e v i a t i o n  from t h e  
p r e d i c t e d  performance. 
4 . 3 . 3  S t a b i l i t y  Analys is  - There a r e  numerous p o s s i b l e  
sources  of  t h e  observed i n s t a b i l i t i e s  i n  c a v i t a t i n g  i n d u c e r s .  
Among t h e  pr imary p o s s i b i l i t i e s  a r e :  (1) u n s t a b l e  i n t e r a c t i o n  of 
t i p  and base  c a v i t i e s  wi th  a d j a c e n t  b lades ,  ( 2 )  uns teady  l o c a t i o n  
of t h e  c a v i t y  s e p a r a t i o n  p o i n t  nea r  t h e  l ead ing  edge of t h e  blade,  
( 3 )  i n t e r a c t i o n  of t h e  i nduce r  wi th  t h e  hydrodynamic and hydro- 
e l a s t i c  p r o p e r t i e s  of t h e  load,  ( 4 )  l e a d i n g  edge f l u t t e r ,  and 
( 5 )  t r a v e l l i n g  c i r c u m f e r e n t i a l  d i s t o r t i o n  o r  r o t a t i n g  s t a l l .  
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Some d e t a i l e d  d i c u s s i o n  of t h e s e  i s  g iven  i n  Reference 23. Of 
t h e s e  causes,  t h e  l a s t  was o r i g i n a l l y  s e l e c t e d  a s  t h e  one most 
amenable t o  a n a l y t i c  s t udy  and u s e  i n  t h e  des ign  procedure .  It 
was t h i s  t ype  of  i n s t a b i l i t y  which was used t o  determine t h e  
d i s t r i b u t i o n  of  head between t h e  f i r s t  and second induce r  s t a g e s  
a s  mentioned i n  Sec t ion  2 . 1 .  
Ro ta t i ng  s t a l l  i n  a x i a l - f l o w  compressor o p e r a t i o n  occurs  a t  
low flows and consequent h i g h  a n g l e s  of flow i n c i d e n c e .  This  
phenomenon has  been s t u d i e d  exper imenta l ly  and a n a l y t i c a l l y  by 
s e v e r a l  i n v e s t i g a t o r s  and has been summarized i n  Reference 4 8 .  
A b r i e f  d e s c r i p t i o n  i s  a s  fo l l ows .  As b l ade  rows approach s t a l l ,  
t h e  f low s e p a r a t e s  i n  some groups of b l ades .  The s t a l l e d  b l ade  
r e s t r i c t s  t h e  flow through t h e  channel  a d j a c e n t  t o  i t s  upper s u r -  
f a c e  and i n  consequence t h e  f l u i d  i s  d e f l e c t e d  around t h e  blocked 
channel ,  i n c r e a s i n g  t h e  a n g l e  of  i nc idence  on t h e  b l a d e  above 
and dec reas ing  t h e  a n g l e  of i nc idence  on t h e  b l ade  below s o  t h a t  
t h e s e  p a t t e r n s  of  s t a l l e d  and u n s t a l l e d  flow do n o t  remain f i x e d  
b u t  a r e  propagated a long  t h e  cascade.  The r e s u l t  i s  t h a t  t h e  
b l ade  rows a r e  s u b j e c t e d  t o  v i o l e n t  p e r i o d i c  dynamic l oads ,  s i n c e  
t h e y  f i n d  themselves a l t e r n a t e l y  i n  s t a l l e d  and u n s t a l l e d  f low.  
Various t h e o r i e s  concerning t h e  problem of r o t a t i n g  s t a l l  
have been proposed, t h e  m a j o r i t y  of  which u s e  a  sma l l  p e r t u r b a -  
t i o n  approach, and t h e r e f o r e ,  a p p l y  s t r i c t l y  on ly  t o  an i n c i p i e n t  
s t a l l .  A r e c e n t  a n a l y s i s  due t o  Yeh ( 1 6 )  t r e a t s  t h e  problem on 
t h e  b a s i s  of c l a s s i c a l  a c t u a t o r  d i s c  t heo ry .  It was found ( 1 6 )  
t h a t ,  i n  g e n e r a l ,  both  a  t r a v e l i n g  c i r c u m f e r e n t i a l  d i s t o r t i o n  
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and a  spanwise  t y p e  s e l f - i n d u c e d  d i s t o r t i o n  a r e  p o s s i b l e ,  and 
t h a t  t h e  p u r e l y  t r a v e l i n g  c i r c u m f e r e n t i a l  t y p e  would i n  a l l  
p r o b a b i l i t y  occu r  f i r s t .  R e s t r i c t i n g  t h e  a n a l y s i s  t o  t h i s  t y p e  
s i m p l i f i e s  t h e  problem enormously. The c o n d i t i o n s  r e q u i r e d  f o r  
t h e  p u r e l y  c i r c u m f e r e n t i a l  t y p e  s e l f - i n d u c e d  d i s t o r t i o n  t o  occur  
a r e  shown t o  b e  
M = [ I  + tan2p2 + ~ ( 1  - t a n  PI  t a n  P 2 )  ] / tan  PI C151 
where 
N A t a n  P2 i s  d e f i n e d  a s  A t a n  ,81 ' 
P1  , P2  a r e  t h e  r e l a t i v e  f low a n g l e s ,  ups t ream and 
downstream of cascade,  
K i s  t h e  r a t i o  of  t h e  speed o f  d i s t o r t i o n  
p ropaga t i on  t o  t h e  a x i a l  component o f  i n l e t  
v e l o c i t y ,  and 
2gHL 
wl i s  t h e  head l o s s  c o e f f i c i e n t  
U 
0 
Equat ion [ 1 5 ]  can be a p p l i e d  d i r e c t l y  t o  t h e  s t a b i l i t y  o f  
a  s u p e r c a v i t a t i n g  i m p e l l e r .  A l l  of t h e  pa ramete r s  i n  t h e  equa- 
t i o n  can b e  ob t a ined  from t h e o r e t i c a l  cascade  performance (18, 
2 8 ) .  The v a l u e s  o f  M and N a r e  ob t a ined  g r a p h i c a l l y  and i f  t h e  
des ign  i s  shown t o  be uns t ab i e ,  t h e  de s ign  pa ramete r s  a r e  ad-  
j u s t ed  and t h e  s t a b i l i t y  p rocedure  r e p e a t e d  u n t i l  a  s t a b l e  i m -  
p e l l e r  de s ign  i s  o b t a i n e d ,  
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The maximum a l lowab le  head c o e f f i c i e n t  w i l l  be s t a b i l i t y -  
c o n t r o l l e d .  The h igher  t h e  head c o e f f i c i e n t ,  t h e  l a r g e r  t h e  
l i f t  and d rag  c o e f f i c i e n t s  and hence t h e  l a r g e r  t h e  va lue  of 
M . A s  t h e  s o l i d i t y  i n c r e a s e s ,  t h e  va lue  of  N i s  reduced,  
cascade 
consequent ly  i n c r e a s i n g  M However, t h e  i n c r e a s e  i n  M l i m i t '  cascade 
i s  much s t e e p e r  t han  t h e  i n c r e a s e  i n  M and a t  some v a l u e  l i m i t  
of head c o e f f i c i e n t ,  q ,  t h e  flow through t h e  impe l l e r  w i l l  become 
u n s t a b l e .  I n  Reference 34 t h e  cons t an t  p r e s s u r e  cambered super -  
c a v i t a t i n g  f i r s t  s t a g e  was i n i t i a l l y  des igned t o  produce 0 . 2 5  of 
t h e  t o t a l  i nduce r  head c o e f f i c i e n t .  However, when t h e  s t a b i l i t y  
c r i t e r i o n  was a p p l i e d  t o  t h i s  des ign,  i t  was found t h a t  t h e  flow 
through t h e  i m p e l l e r  would be u n s t a b l e .  A second des ign  was con- 
ducted i n  which t h e  f i r s t  s t a g e  head c o e f f i c i e n t  was 0 .20  of t h e  
t o t a l  i nduce r  head c o e f f i c i e n t .  Once aga in ,  Yeh s s t a b i l i t y  
a n a l y s i s  showed t h a t  t h e  flow through t h e  impe l l e r  would b e  un- 
s t a b l e .  A t h i r d  des ign  was i n i t i a t e d  w i t h  a  des ign  head coef -  
f i c i e n t  0 .15  of t h e  t o t a l  inducer  head c o e f f i c i e n t .  For t h i s  
va lue  o f  0 .15,  t h e  s t a b i l i t y  a n a l y s i s  showed t h a t  t h e  i m p e l l e r  
was s t a b l e .  
The p r e s e n t  two bladed f i ve - t e rm cambered f i r s t  s t a g e  was 
a l s o  des igned s o  t h a t  t h e o r e t i c a l l y  0 .15  of t h e  t o t a l  i nduce r  
head c o e f f i c i e n t  was produced by t h e  f i r s t  s t a g e .  The Yeh s t a -  
b i l i t y  a n a l y s i s  a t  t h e  mid r a d i u s  showed t h e  des ign  t o  be nomi- 
n a l l y  s t a b l e  ( M / M ~  = 1 . 0 ) .  Th is  d i s t r i b u t i o n  of head was t h e r e -  
f o r e  r e t a i n e d  f o r  t h e  f ive- te rm cambered model. 
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A f t e r  t h e  exper imental  program was conducted a l l  d a t a  f o r  
bo th  t h e  two and t h r e e  bladed f i v e  term cambered models were 
ana lysed  t o  determine t h e  t r u e  i n f l u e n c e  of t h e  Yeh c r i t e r i o n  
on i n c i p i e n t  i n s t a b i l i t i e s .  The parameters ,  ,B, P 2 ,  o and a f o r  
t h e  mid t h r e e  r a d i i  (2 .55,  2.80,  and 3 .05  i n c h e s )  were averaged 
t o  reduce  t h e  random e r r o r  of  t h e  measurements. A l l  d a t a  were 
then grouped by o range  i n t o  t h r e e  groups a = 0  t o  .035, .035 
t o  . O g O ,  and .090 t o  .175. These groupings  made i t  p o s s i b l e  t o  
g r a p h i c a l l y  u s e  t h e  d a t a  f o r  t h e  de t e rmina t ion  of t h e  d e r i v a -  
t i v e s  r e q u i r e d  i n  s t a b i l i t y  a n a l y s i s ,  F igures  4 8 ( a )  and 4 8 ( b )  
show t h e  p l o t s  of  o versus  ,B1 and t a n  P 2  ve r sus  t a n  ,B1 used i n  
t h e  s t a b i l i t y  a n a l y s i s  o f  t h e  two-bladed f ive- te rm cambered 
f i r s t  s t a g e .  The symbols i n d i c a t e  t h e  a group of each d a t a  p o i n t .  
With few excep t ions ,  t h e  da t a  a r e  r a t h e r  c l e a r l y  s e p a r a t e d  by 
t h i s  procedure .  S i m i l a r  p l o t s  were prepared f o r  t h e  th ree-b laded  
model. I f  t h e  Yeh c r i t e r i o n  f o r  i n c i p i e n t  i n s t a b i l i t y  through 
t h e  mechanism of r o t a t i n g  s t a l l  t r u l y  determines  t h e  o n s e t  of  
t h i s  t y p e  of i n s t a b i l i t y  and i f  t h e  i n s t a b i l i t y  observed i n  
t h e  p r e s e n t  s u p e r c a v i t a t i n g  i nduce r s  i s  r e l a t e d  t o  t h e  r o -  
t a t i n g  s t a l l  phenomenon, t h e  r a t i o  of M/ML should s t e a d i l y  ap- 
proach 1 . 0  o r  a t  l e a s t  s t e a d i l y  i n c r e a s e  a s  t h e  boundary of t h e  
u n s t a b l e  r eg ion  i s  approached.  
F igu re  49 and 50 show t h e  head c o e f f i c i e n t ,  q ,  a s  a  f u n c t i o n  
of NPSH f o r  t h e  two-bladed and t h r e e  bladed models r e s p e c t i v e l y .  
Beside  each da t a  p o i n t  t h e  r a t i o  of  M / M ~  f o r  t h a t  p o i n t  i s  i n d i -  
c a t e d .  While t h e  r e l a t i v e l y  s t a b l e  h igh  NPSH reg ions  do show 
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small M/ML r a t i o s ,  t h e r e  i s  apparent ly no good c o r r e l a t i o n  be- 
tween t h i s  r a t i o  and the  proximity of a  da ta  po in t  t o  t h e  un- 
s t a b l e  region.  I n  f a c t  many d a t a  po in t s  near the  uns table  
boundary have M / M ~  r a t i o s  smaller  than da ta  po in t s  f u r t h e r  away 
i n  h ighly  s t a b l e  regions .  
One must, t he re fo re ,  conclude t h a t  t h e  Yeh s t a b i l i t y  
c r i t e r i o n  does not  adequately p r e d i c t  i n c i p i e n t  i n s t a b i l i t i e s  
i n  the  c a v i t a t i n g  flows under cons idera t ion .  It i s  unl ikely,  t h e r e f o r e ,  
t h a t  t h e  r o t a t i n g  s t a l l  mechanism i s  responsible  f o r  the  observed 
l a r g e  magnitude low frequency i n s t a b i l i t i e s  i n  t h e  c a v i t a t i n g  
inducers  p r e s e n t l y  under cons idera t ion .  However, i t  seems pro- 
bable t h a t  flow o s c i l l a t i o n s  a r e  s t rong ly  r e l a t e d  t o  t h e  b a s i c  
cascade flow geometry. The suc t ion  and discharge systems do not ,  
a t  p resen t ,  appear t o  be t h e  cause of such o s c i l l a t i o n s  but may 
have a  s i g n i f i c a n t  inf luence  on t h e  frequency o r  amplitude of 
t h e  o s c i l l a t i o n s  once they  a r e  gnerated.  
4 .3.4 Mechanism of Flow I n s t a b i l i t y  - The quest ion then  
a r i s e s  - what i s  t h e  phys ica l  mechanism of t h e  flow i n s t a b i l i t y  
i f  not  r o t a t i n g  s t a l l ?  The d a t a  f o r  the  f i v e  term cambered 
models i n d i c a t e  t h a t  two requirements a r e  necessary f o r  the  
region of severe i n s t a b i l i t i e s  t o  occur.  The f i r s t  of these  i s  
a  flow c o e f f i c i e n t  below a  c e r t a i n  minimum. Figure 32 i n d i c a t e s  
t h a t  f o r  the  region of i n s t a b i l i t i e s  t o  occur f o r  t h e  two bladed 
model the  flow c o e f f i c i e n t  must be below 0.09. I n  a  s i m i l a r  way, 
Figure 36 i n d i c a t e s  t h a t  the  flow c o e f f i c i e n t  must be .075 o r  
below f o r  i n s t a b i l i t i e s  t o  occur on the  t h r e e  bladed model, In  
add i t ion ,  these  f i g u r e s  i n d i c a t e  t h a t  the  region of i n s t a b i l i t i e s  
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l i e s  i n  a  r a t h e r  we l l  de f ined  c a v i t y  l e n g t h  r e g i o n .  For t h e  two 
bladed model i t  occurs  a t  about  Q/c = 2 .40  whi le  f o r  t h e  t h r e e  
bladed model i t  occurs  between R/c = 1 . 8 0  and 2 .00.  F igu re  51 
i n 4 i c a t e s  s chema t i ca l l y  t h a t  t h e  c a v i t y  l eng ths  mentioned above 
correspond t o  t h o s e  o p e r a t i n g  p o i n t s  a t  which t h e  c a v i t y  c o l -  
l a p s i n g  from one b l ade  extends  back t o  o r  s l i g h t l y  p a s t  t h e  l ead -  
i n g  edge of t h e  a d j a c e n t  b lade .  Extending t o  t h i s  l o c a t i o n ,  by 
i t s e l f ,  i s  no t  a  s u f f i c i e n t  cond i t i on  t o  i n s u r e  i n t e r f e r e n c e  i n -  
s t a b i l i t i e s .  The flow cond i t i on  must a l s o  i n c l u d e  a  low enough 
flow c o e f f i c i e n t  t o  p rov ide  a  r e l a t i v e l y  t h i c k  c a v i t y  a t  t h e  
a d j a c e n t  b l ade .  R e c a l l  t h a t  lower flow c o e f f i c i e n t s  correspond 
t o  h ighe r  ang le s  of a t t a c k  and t h e r e f o r e  h ighe r  head g e n e r a t i o n  
coupled wi th  t h i c k e r  c a v i t i e s  (no t  n e c e s s a r i l y  longer  c a v i t i e s  
s i n c e  h i g h e r  head g e n e r a t i o n  may t e r m i n a t e  them).  For s h o r t e r  
c a v i t i e s ,  no s t r o n g  o s c i l l a t i o n s  were observed.  A s  t h e  c a v i t y  
l e n g t h  i n c r e a s e d  beyond t h e  c r i t i c a l  l eng th ,  choking and head 
breakdown r a p i d l y  fo l low.  
D e t a i l s  of  t h e  magnitude and f r equenc i e s  o f  t h e  head f l u c t u -  
a t i o n s  i n  t h e  r e l a t i v e l y  s t a b l e  r e g i o n s  a r e  d i s cus sed  i n  S e c t i o n  
4 . 3 . 5 .  
From t h e  a v a i l a b l e  da t a  i t  seems t h a t  an  i n s t a b i l i t y  i n  
c a v i t y  l e n g t h  due t o  i n t e r a c t i o n s  between t h e  c a v i t y  and t h e  i n -  
flow t o  t h e  nex t  o r  a d j a c e n t  b lade  i s  t h e  sou rce  of t h e  r e g i o n  
of s e v e r e  f low i n s t a b i l i t y .  The obse rva t ion  t h a t  i n s t a b i l i t i e s  
occur when t h e  c a v i t y  e n t e r s  t h e  gap formed wi th  an a d j a c e n t  
b lade  was a l s o  noted by Acosta ( 4 9 )  and S o l t i s  ( 7 ) .  The d e t a i l s  
of how t h e  i n s t a b i l i t y  occurs  may be a s  fo l l ows :  
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1. A s  t h e  flow c o e f f i c i e n t  i s  reduced toward a  c r i t i -  
c a l  value ,  t h e  c a v i t y  grows i n  t h i c k n e s s  and l e n g t h  depending on 
NPSH v a r i a t i o n  u n t i l  i t s  c o l l a p s e  occurs  a t  o r  near  t h e  gap formed 
by t h e  a d j a c e n t  b l ade .  
2 .  I f  t h e  flow c o e f f i c i e n t  i s  f u r t h e r  reduced below 
t h e  c r i t i c a l  v a l u e  ( a c t u a l l y  @ and NPSH w i l l  bo th  v a r y ) ,  t h e  
0 
i n c r e a s e  i n  c a v i t y  l e n g t h  and t h i c k n e s s  causes  a  s e r i o u s  blockage 
which r e s u l t s  i n  reduced inf low and t h u s  a  f u r t h e r  r e d u c t i o n  i n  
flow c o e f f i c i e n t .  I n  t h i s  r eg ion  t h e  p rocess  i s  u n s t a b l e  and 
c a v i t y  l e n g t h  grows r a p i d l y .  
3.  The exac t  mechanism f o r  a  l i m i t  c y c l e  p roces s  i s  
no t  c e r t a i n .  As c a v i t y  t h i cknes s  and l e n g t h  i n c r e a s e  and f low 
c o e f f i c i e n t  decreases ,head  may begin  t o  i n c r e a s e ,  causing a  c o l -  
l a p s e  of t h e  c a v i t y ,  One a l t e r n a t e  cause of  c a v i t y  c o l l a p s e  may 
be t h e  complete breakdown of head and flow, fol lowed by r e e s t a b -  
l i shment  o f  an u n s t a b l e  f low.  
I n  F igu re  33 f o r  t h e  two bladed inducer ,  n o t e  t h a t  a s  t h e  
r eg ion  of i n s t a b i l i t y  i s  approached t h e  head approaches a  con- 
s t a n t  va lue  and t h e  c a v i t y  l e n g t h  appears  t o  r each  a  minimum. 
The same t r e n d  i s  i n d i c a t e d  i n  F i g u r e  37 f o r  t h e  t h r e e  b laded  
model. A p o s s i b l e  v a r i a t i o n  of c a v i t y  l e n g t h  wi th  flow c o e f f i -  
c i e n t  ( a t  c o n s t a n t  NPSH) i s  shown i n  F igu re  52. I n  t h e  u n s t a b l e  
r eg ion  c a v i t y  l e n g t h  appears  t o  i n c r e a s e  r a p i d l y  wi th  dec reas ing  
flow c o e f f i c i e n t ,  a  h i g h l y  u n s t a b l e  cond i t i on .  
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The o s c i l l a t i o n  of  t h e  flow (and c a v i t y  l e n g t h )  appears  t o  
be of t h e  l i m i t  c y c l e  t ype .  Once i n s t a b i l i t y  occurs ,  t h e  c a v i t y  
l e n g t h  begins  t o  grow v e r y  r a p i d l y ;  t h i s  growth i s  te rmina ted  
e i t h e r  by complete b lockage (Q, -+ 0 )  and r e e s t a b l i s h m e n t  o f  t h e  
flow o r  by a  sudden d e c r e a s e  i n  c a v i t y  l e n g t h  with dec reas ing  
flow c o e f f i c i e n t  ( a s  shown i n  F igu re  5 2 ) .  I n  t h e  f i r s t  c a s e  
l i m i t  cyc le  t ype  o s c i l l a t i o n s  a r e  c e r t a i n .  I n  t h e  second i t  
seems l i k e l y  t h a t  t h e  p roces s  w i l l  be dynamical ly  u n s t a b l e  s o  
t h a t  l i m i t  c y c l e  t ype  o s c i l l a t i o n s  between t h e  boundar ies  of  t h e  
u n s t a b l e  r e g i o n  w i l l  occur .  
Wood (50 )  i n d i c a t e s  t h a t  flow o s c i l l a t i o n s  observed i n  mixed 
flow pumps des igned f o r  h i g h  s u c t i o n  s p e c i f i c  speeds  appear  t o  
be  due t o  growth of t i p  vo r t ex  c a v i t i e s  i n t o  t h e  gap between 
b l ades .  Hartmann and S o l t i s  (5 )  have a l s o  a t t r i b u t e d  observed 
flow o s c i l l a t i o n s  i n  low hub- t i p  r a t i o  a x i a l  flow pumps t o  growth 
of t i p  vo r t ex  c a v i t i e s .  Ne i ther  of t h e s e  pumps i s  t y p i c a l  of  
t h e  a x i a l  inducer  pumps used i n  space  a p p l i c a t i o n s .  For t h e  
pumps t e s t e d  by Acosta, I u r a  and o t h e r s ,  t h e r e  i s  no i n d i c a t i o n  
t h a t  t i p  vo r t ex  c a v i t i e s  a r e  t h e  primary sou rce  of flow o s c i l -  
l a t i o n s .  I n  t h e  p r e s e n t  t e s t s ,  i t  was g e n e r a l l y  n o t  p o s s i b l e  t o  
s e p a r a t e  t i p  vo r t ex  c a v i t y  behavior  from b lade  c a v i t y  behavior .  
The two types  of c a v i t y  flow appear  t o  be  c l o s e l y  r e l a t e d  f o r  
t y p i c a l  inducer  pumps s o  t h a t  i t  i s  probably  unnecessary  t o  
f u l l y  d i f f e r e n t i a t e  between t h e  r o l e s  of t h e s e  c a v i t i e s .  
Acosta and Wade (49)  found t h a t  flow o s c i l l a t i o n s  occurred 
a t  n e a r l y  cons t an t  S t r o u h a l  number (based on chord)  of  approx i -  
mately 0 .10 .  This  r e s u l t  i s  comparable t o  t h a t  f o r  a  s i m i l a r  
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i s o l a t e d  f o i l  and i s  f u r t h e r  i n d i c a t i o n  of t h e  i s o l a t e d  behavior  
of t h e  f o i l  under o s c i l l a t o r y  c o n d i t i o n s .  
I t  seems probable  t h a t  flow o s c i l l a t i o n s  t h a t  occur i n  i n -  
ducer  pumps may occur  a t  s e v e r a l  S t r o u h a l  numbers. The p r e s e n t  
t e s t s  a l s o  i n d i c a t e  t h a t  i n  t h e  r e g i o n  of s e v e r e  i n s t a b i l i t y ,  
o s c i l l a t i o n s  occur  a t  S t rouha l  numbers l e s s  than  t h o s e  observed 
by Wade and Acosta.  I t  i s  q u i t e  p o s s i b l e ,  however, t h a t  t h e  
S t r o u h a l  number f o r  cascades  w i t h  h igh  s o l i d i t y  o r  s t a g g e r  should  
be based on some o t h e r  c h a r a c t e r i s t i c  l e n g t h  such a s  c a v i t y  l e n g t h .  
It i s  a l s o  p o s s i b l e ,  i n  view of  t h e  proposed mechanisms of  flow 
o s c i l l a t i o n ,  t h a t  t h e  s u c t i o n  and perhaps t h e  d i s c h a r g e  systems 
have a n  e f f e c t  on t h e  f requency of o s c i l l a t i o n .  
There i s  no means of  ana lyz ing  t h e  e f f e c t  of  t h e  t e s t  f a c i l i -  
t i e s  on observed flow o s c i l l a t i o n s .  It seems u n l i k e l y ,  however, 
t h a t  t h e s e  f a c i l i t i e s  could be t h e  sou rce  of such o s c i l l a t i o n s ,  
however t h e  f a c i l i t i e s  may e f f e c t  t h e  f requency and t h e  ampl i tude  
of t h e  o s c i l l a t i o n s .  Dis tu rbances  i n  t h e  in f low t o  t h e  pumps may 
a l s o  c o n t r i b u t e  t o  i n i t i a t i n g  t h e  o s c i l l a t o r y  f low. For opera -  
t i o n a l  pumps, s a y  i n  l a r g e  boos t e r  r o c k e t s ,  t h e  s u c t i o n  and d i s -  
charge systems probably  can e f f e c t  t h e  magnitude and r e g i o n  of  
f low o s c i l l a t i o n s  . 
From t h e  fo regoing  d i s cus s ion ,  i t  may be concluded t h a t  t h e  
observed flow i n s t a b i l i t i e s  and o s c i l l a t i o n s  a r e  p robably  due t o  
i n t e r a c t i o n s  of t h e  c a v i t i e s  wi th  a d j a c e n t  b lades  a t  c r i t i c a l  
c a v i t y  l e n g t h s  and t h i c k n e s s e s .  Because of  t h e  complex f low oc- 
c u r r i n g  when a  c a v i t y  c o l l a p s e s  a t  o r  near  t h e  en t r ance  t o  t h e  
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gap formed by an  a d j a c e n t  b lade ,  t h e  b l ade  c a v i t y  l e n g t h  and pump 
head c h a r a c t e r i s t i c s  may be t h e  i n v e r s e  o f  t hose  normal ly  ob- 
se rved  and i n h e r e n t l y  u n s t a b l e .  Th is  i n s t a b i l i t y  i s  probably  of  
t h e  l i m i t  cyc l e  type,  t h e  c a v i t y  l e n g t h  and head o s c i l l a t i n g  be- 
tween r e l a t i v e l y  f i x e d  boundar ies .  
4 . 3 . 5  P re s su re  F l u c t u a t i o n s  i n  t h e  "S t ab l e "  Region - During 
Phase 111, when t e s t i n g  t h e  five-term-camber s u p e r c a v i t a t i n g  f i r s t  
s t a g e s  i n  i s o l a t i o n ,  t h e  range  o f  p r e s s u r e  f l u c t u a t i o n  f r e q u e n c i e s  
of i n t e r e s t  was r e s t r i c t e d  t o  0-100 cps .  This  was due t o  t h e  
importance of  t h i s  f requency r ange  i n  e x c i t i n g  f l u c t u a t i o n s  i n  t h e  
r o c k e t  p ropu l s ion  and s t r u c t u r a l  systems.  For t h e  S a t u r n  V, NASA 
i n d i c a t e d  t h e  p a r t i c u l a r l y  c r i t i c a l  ranges  were 10-15 cps and 
28-35 cps .  
The t e s t s  o f  t h e  two and t h r e e  bladed f ive- te rm cambered 
f i r s t  s t a g e  models a s  p resen ted  i n  F igu re s  26 and 35 i n d i c a t e d  
t h a t  a  l a r g e  r e g i o n  of s t a b l e  o p e r a t i o n  e x i s t e d  extending rough ly  
from 12,000 t o  30,000 s u c t i o n  s p e c i f i c  speed and from flow coef-  
f i c i e n t s  of 0 .12  t o  0 .07 .  Some a c c e p t a b l e  o p e r a t i o n  was main- 
t a i n e d  a s  low a s  flow c o e f f i c i e n t  = 0.05.  There were r e g i o n s  of  
s e v e r e  p r e s s u r e  f l u c t u a t i o n s  f o r  va r ious  combinations o f  s u c t i o n  
s p e c i f i c  speed and flow c o e f f i c i e n t .  These have been d i s c u s s e d  
i n  d e t a i l  i n  S e c t i o n  4 . 3 . 4  and a  mechanism f o r  t h e  i n s t a b i l i t i e s  
p o s t u l a t e d .  I n  t h e  l a r g e  " s t a b l e "  r e g i o n  of ope ra t i on ,  p r e s s u r e  
f l u c t u a t i o n  spectrums were ob ta ined  i n  t h e  0-100 cps range .  Fig-  
u r e  53 p r e s e n t s  t y p i c a l  spectrums of t h e  p r e s s u r e  f l u c t u a t i o n s  
f o r  t h e  three-bladed f ive- te rm cambered model. I n  a d d i t i o n  t h e  
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envelope of a l l  s p e c t r a l  d a t a  f o r  t h i s  model i s  i n d i c a t e d .  As 
can b e  seen  t h e  f l u c t u a t i o n s  g e n e r a l l y  peaked a t  two f requency  
va lues ,  one i n  t h e  v i c i n i t y  o f  20 cps and t h e  o t h e r  nea r  85 cps .  
 h he lower f requency peak a c t u a l l y  v a r i e d  from 1 0  t o  28 cps  and 
t h e  h i g h e r  from 75 t o  95 c p s ) .  I n  t h e  l a r g e  s t a b l e  r e g i o n  of  
ope ra t i on ,  t h e  peak i n  t h e  85 cps v i c i n i t y  never  exceeded 4  p e r -  
cen t  o f  t h e  f i r s t  s t a g e  head gene ra t ed .  The peak i n  t h e  20 cps 
v i c i n i t y  v a r i e d  from 2  p e r c e n t  t o  1 0  p e r c e n t  o f  t h e  head gene ra t ed ,  
never  exceeding 5 p e r c e n t  a t  s u c t i o n  s p e c i f i c  speeds of  22,000 
o r  l e s s .  
F igu re  54 p r e s e n t s  t h e  r a t i o  o f  f l u c t u a t i n g  head t o  t o t a l  
head gene ra t ed  i n  p e r c e n t  a s  a  f u n c t i o n  of  t h e  average  c a v i t y  
l e n g t h  t o  chord r a t i o  ( J / c )  f o r  t h e  t h r e e  bladed model. The 
c o r r e l a t i o n  i s  r a t h e r  good wi th  t h e  r e g i o n  of minimum f l u c t u a t i o n s  
occu r r ing  i n  t h e  v i c i n i t y  of  R/c = 1 . 4 .  The i n c r e a s e  a t  l onge r  
c a v i t y  l e n g t h s  i s  more a  r e s u l t  of  lower head gene ra t i on  by t h e  
s t a g e  t h a n  i n c r e a s e d  a b s o l u t e  ampl i tude  of t h e  p r e s s u r e  f l u c t u a -  
t i o n s .  The d o t t e d  i n c r e a s e  toward Q/c = 1 . 0  i s  specu la t ed  based 
on exper ience  wi th  i s o l a t e d  f o i l s  and t h e  Phase I t e s t s  ( 3 4 )  
where f l u c t u a t i o n s  over  t h e  r ange  0-10,000 cps peaked nea r  
,4/c = 1 . 0 .  The d a t a  p r e sen t ed  may be taken  a s  t y p i c a l  f o r  bo th  
t h e  t h r e e  and two bladed models. 
No tandem t e s t s  i nvo lv ing  a  f i v e  term cambered s u p e r c a v i t a -  
t i n g  f i r s t  s t a g e  were conducted. The r e s u l t s  of t h e  Phase I 
t e s t s ,  however, i n d i c a t e  t h a t  t h e  o v e r a l l  performance of t h e  
tandem p a i r  would be improved ( i . e .  t h e  p r e s s u r e  f l u c t i o n  would 
be l ower )  over  t h a t  of t h e  f i r s t  s t a g e  a l o n e  when expressed a s  a  
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pe rcen t age  of t h e  t o t a l  head gene ra t ed .  During t h e  Phase I 
t e s t s ,  t h e  e n t i r e  f requency  spectrum of 0-10,000 cps was examined 
and i n s u f f i c i e n t  r e s o l u t i o n  i n  t h e  0-100 cps r ange  was a v a i l a b l e  
f o r  d e t a i l s  of  t h i s  r ange  t o  be examined. However, Phase I t e s t s  
of  t h e  i s o l a t e d  c o n s t a n t  p r e s s u r e  cambered f i r s t  s t a g e  i n d i c a t e d  
a  t o t a l  p r e s s u r e  f l u c t u a t i o n  l e v e l  a t  a  f low c o e f f i c i e n t  o f  0 .10  
over  t h e  f requency range  of 0-10,000 cps of  l e s s  t han  5 p e r c e n t  
i n  t h e  s u c t i o n  s p e c i f i c  speed ranges  o f  l e s s  t han  12,000 and 
14,000 t o  21,500. I n  t h e  narrow band between 12,000 and 14,000 
t h e  f l u c t u a t i o n  l e v e l  reached 10  pe rcen t  o f  t h e  head gene ra t ed .  
This  corresponded t o  a  c a v i t y  length-chord r a t i o  of  about  1 . 0 .  
Beyond 21,500 ano the r  i n c r e a s e  was r e g i s t e r e d  toward breakdown. 
I s o l a t e d  t e s t s  of t h e  f i n a l  second s t a g e  dur ing  Phase I i n d i c a t e d  
a  p r e s s u r e  f l u c t u a t i o n  l e v e l  of  l e s s  than  2  p e r c e n t  over  t h e  
r ange  of  s u c t i o n  s p e c i f i c  speed va lues  from 10,000 t o  19,000.  
The corresponding flow c o e f f i c i e n t  range  was .074 t o  .097.  When 
t e s t e d  i n  tandem, t h e  t o t a l  p r e s s u r e  f l u c t u a t i o n  f o r  t h e  Phase I 
models expressed a s  a  percen tage  of t h e  t o t a l  head gene ra t ed  by 
bo th  s t a g e s  f o r  t h e  range  of flow c o e f f i c i e n t  of 0 .072 t o  0.085 
was never  i n  excess  of 5 pe rcen t  except  nea r  breakdown 
(Nss  > 23,000) .  
No d e t a i l e d  d a t a  were a v a i l a b l e  f o r  f l u c t u a t i n g  p r e s s u r e s  
from a  convent iona l  ( h e l i c a l )  inducer  w i t h  which t o  compare t h e  
tandem r e s u l t s  r e p o r t e d .  
I t  i s  concluded t h a t  a  tandem inducer  u s i n g  a  s u p e r c a v i t a t i n g  
f i r s t  s t a g e  and s u b c a v i t a t i n g  second s t a g e  may be designed t o  op- 
e r a t e  over a  f a i r l y  wide range  of s u c t i o n  s p e c i f i c  speeds (models 
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opera ted  a t  10,000 - 30,000 i n  w a t e r )  and flow c o e f f i c i e n t s  
(models opera ted  a t  .12  - . 0 7 )  w i th  p r e s s u r e  f l u c t u a t i o n s  of l e s s  
than  1 0  pe rcen t  of  t h e  head gene ra t ed .  The i n f l u e n c e  of  t h e  r e -  
mainder of t h e  h y d r a u l i c  system ( i n c l u d i n g  main f u e l  pump) on 
damping o r  ampl i fy ing  t h i s  l e v e l  cannot p r e s e n t l y  be p r e d i c t e d .  
I n  a d d i t i o n ,  t h e  number o f  i nduce r  models t e s t e d  has  been q u i t e  
l i m i t e d  and t h e s e  have been t e s t e d  on ly  i n  room tempera ture  wa te r .  
The thermodynamic e f f e c t s  of  c a v i t a t i o n  i n  cryogenic  f l u i d s  w i l l  
r a i s e  t h e  range  of o p e r a t i n g  s u c t i o n  s p e c i f i c  speeds  t o  h i g h e r  
va lues .  
4 . 3 .6  C a v i t a t i o n  Damage - A s  p r e v i o u s l y  noted and a s  
mentioned i n  Reference  3  f o r  "convent iona l"  r o c k e t s ,  c a v i t a t i o n  
damage t o  t h e  turbopumps i s  no t  a  s e r i o u s  problem due t o  t h e  s h o r t  
pe r iod  of o p e r a t i o n .  This  i s  n o t  t r u e ,  however, f o r  t h e  space  
s h u t t l e  a p p l i c a t i o n  where components a r e  r e q u i r e d  t o  be r e u s a b l e .  
Th is  i s  d i s cus sed  i n  Appendix B. 
C a v i t a t i o n  damage r e s u l t s  when vaporous c a v i t a t i o n  bubbles  
c o l l a p s e  i n  p rox imi ty  t o  a  s u r f a c e  wi th  s u f f i c i e n t  f o r c e  t o  de- 
form o r  erode t h a t  s u r f a c e .  The c o l l a p s e  u s u a l l y  occurs  when 
t h e  c a v i t i e s  o r  bubbles a r e  c a r r i e d  by t h e  flow i n t o  a  r e g i o n  
of h ighe r  l o c a l  p r e s s u r e .  The c o l l a p s e  of  a  s p h e r i c a l  bubble  
was f i r s t  t h e o r e t i c a l l y  formulated by Rale igh  (53)  i n  1917 and 
r e c e n t l y  a  g r e a t  d e a l  of r e s e a r c h  has  been conducted on how t o  
reduce  c a v i t a t i o n  damage t o  va r ious  m a t e r i a l s ,  p r i m a r i l y  meta l s ,  
and t o  c l a s s i f y  and unders tand  t h e i r  r e l a t i v e  r e s i s t a n c e  t o  
damage (54,55,56,57,58,59,60). Not even t h e  h a r d e s t  meta l s  
KYDRONAUTICS, Incorpora ted  
a v a i l a b l e  can e n t i r e l y  r e s i s t  t h e  e r o s i v e  f o r c e .  Experimental  
and t h e o r e t i c a l  i n v e s t i g a t i o n s  of  t h e  problem i n d i c a t e s  t h a t  
p r e s s u r e s  of  200,000 t o  300,000 p s i  o r  h ighe r  may be genera ted  
du r ing  c o l l a p s e .  The r epea t ed  c o l l a p s e  of  bubbles wi th  t h e s e  
f o r c e s  causes  a  t ype  of  f a t i g u e  f a i l u r e  o f  t h e  s u r f a c e .  
F igu re  55 shows a  photograph of c a v i t a t i o n  damage t o  t h e  
t r a i l i n g  edge of  t h e  s u c t i o n  s i d e  of a  Phase I model. The char-  
a c t e r i s t i c  p i t t i n g  caused by c a v i t a t i o n  i s  e v i d e n t .  F i g u r e  56 
shows t h e  damage t o  t h e  t e s t  s e c t i o n  of t h e  pump loop  which 
occur red  du r ing  Phase I t e s t i n g .  The cas ing  of a  p ro to type  would 
e v e n t u a l l y  s u f f e r  t h e  same t y p e  of damage. F igu re  57 shows t h e  
beginning of  c a v i t a t i o n  p i t t i n g  of t h e  f a c e  of t h e  f i v e  term 
model of Phase 111. This  damage r e s u l t e d  p r i m a r i l y  from t h e  co l -  
l a p s e  o f  c a v i t i e s  t r a i l i n g  t h e  a d j a c e n t  b l ade  a s  shown i n  F ig-  
u r e s  30 and 31. 
A s  r e l a t e d  i n  Appendix B, some r e s e a r c h  i n t o  t h e  damage r e -  
s i s t a n c e  of m a t e r i a l s  i n  cryogenic  f l u i d s  i s  a lmost  c e r t a i n l y  r e -  
q u i r e d  t o  p rov ide  guidance i n  i nduce r  des igns  f o r  t h e  proposed 
s h u t t l e  v e h i c l e  where prolonged l i f e  and h ighe r  r o t a t i v e  speeds  
a r e  r e q u i r e d .  
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The s u c t i o n  s p e c i f i c  speed (N ss ) i s  t h e  parameter  used t o  
c h a r a c t e r i z e  t h e  i n l e t  o p e r a t i n g  cond i t i ons  f o r  a  pump. For a  
g iven  d i s cha rge ,  h igh  s u c t i o n  s p e c i f i c  speed r e s u l t s  when e i t h e r  
r o t a t i o n a l  speed i s  i n c r e a s e d  o r  NPSH i s  decreased .  Both changes 
r e s u l t  i n  s i g n i f i c a n t  weight  r e d u c t i o n s  when t h e  pumps under  con- 
s i d e r a t i o n  a r e  f u e l  o r  o x i d i z e r  pumps i n  a  l i q u i d  f u e l e d  r o c k e t  
engine  system. Prepumping s t a g e s  c a l l e d  " induce r s "  a r e  p r e -  
s e n t l y  l o c a t e d  ahead of t h e  main f u e l  pumps. The i nduce r s  op- 
e r a t e  r a t h e r  s a t i s f a c t o r i l y  even wi th  e x t e n s i v e  c a v i t a t i o n  and 
p rov ide  s u f f i c i e n t  head r i s e  s o  t h a t  t h e  main pumps may o p e r a t e  
n o n - c a v i t a t i n g .  
A t y p i c a l  inducer  c o n s i s t s  of  a  h igh  s o l i d i t y  a x i a l  flow 
i m p e l l e r  wi th  a  smal l  number o f  b lades  o p e r a t i n g  on t h e  same 
s h a f t  and a t  t h e  same rpm a s  t h e  main pump. The b l ade  form 
u s u a l l y  approximates a  s imple  h e l i x .  While s e v e r e l y  c a v i t a t i n g ,  
c a v i t a t i o n  damage and low e f f i c i e n c y  a r e  n o t  p a r t i c u l a r l y  r e s t r i c -  
t i v e  i n  "convent iona l"  a p p l i c a t i o n s  s i n c e  t h e  o p e r a t i n g  p e r i o d  
i s  v e r y  s h o r t  and t h e  head genera ted  by t h e  i nduce r  i s  on ly  a  
smal l  p o r t i o n  of t h e  t o t a l .  The problem of flow i n s t a b i l i t i e s ,  
however, i s  v e r y  s i g n i f i c a n t  a s  a  l i m i t i n g  cond i t i on  f o r  ac -  
c e p t a b l e  inducer  o p e r a t i o n .  Under c e r t a i n  cond i t i ons  i n s t a b i l i -  
t i e s  i n  t h e  flow may cause engine  t h r u s t  f l u c t u a t i o n s .  The r e -  
s u l t i n g  uns teady  motions p rov ide  an unaccep tab le  environment f o r  
d e l i c a t e  equipment and a s t r o n a u t  crews. I n  a d d i t i o n ,  low f r e -  
quency o s c i l l a t i o n s m a y  occur  a t  o r  nea r  t h e  s t r u c t u r a l  n a t u r a l  
f requency.  
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The tandem row induce r  has  been suggested a s  one method f o r  
r educ ingo r  e l i m i n a t i n g  t h e  i n s t a b i l i t y  problem. The f i r s t  s t a g e  
o p e r a t e s  a t  t h e  des ign  s u c t i o n  s p e c i f i c  speed b u t  d e l i v e r s  on ly  
a  f r a c t i o n  of t h e  t o t a l  head r i s e .  The second s t a g e  thus  op- 
e r a t e s  a t  a  lower N and d e l i v e r s  t h e  remaining head wi th  g r e a t e r  
S S  
s t a b i l i t y .  
The p r e s e n t  s t udy  was conducted i n  water  r a t h e r  than  t h e  
cryogenic  f l u i d s  of  t h e  p ro to types .  Thermodynamic e f f e c t s  i n  
cryogenics  t end  t o  make modell ing i n  water  a  conse rva t ive  p roce -  
du re .  For t h e  same reasons ,  c a v i t a t i o n  p a t t e r n s  i n  cryogenics  w i l l  
occur a t  lower bu lk  c a v i t a t i o n  numbers, ( h i g h e r  N va lues  ) t h a n  
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s i m i l a r  p a t t e r n s  i n  wate r .  
A s u p e r c a v i t a t i n g  f i r s t  s t a g e  was chosen due t o  s t u d i e s  
i n d i c a t i n g  t h a t  t o  produce t h e  r e q u i r e d  head, c a v i t i e s  on t h e  back 
s i d e  o f  t h e  b l ades  would be i n  excess  of 30 p e r c e n t  of t h e  chord 
l e n g t h  and u n s t a b l e .  Long c a v i t i e s  ( s u p e r c a v i t a t i o n )  a r e  known 
t o  be a  more s t a b l e  o p e r a t i n g  cond i t i on .  
A g e n e r a l i z e d  t heo ry  of  r o t a t i n g  s t a l l  (16) was chosen t o  
determine t h e  a l l owab le  head r i s e  i n  t h e  f i r s t  s t a g e  of t h e  t a n -  
dem row induce r .  Ro ta t i ng  s t a l l  was specu la t ed  t o  be a n o t h e r  
source  of i n s t a b i l i t y  i n  a d d i t i o n  t o  t h e  u n s t a b l e  c a v i t y  l e n g t h s  
p r e v i o u s l y  mentioned. 
The performance of  s u p e r c a v i t a t i n g  cascades  o f  cons t an t  
p r e s s u r e  cambered f o i l s  was t h e o r e t i c a l l y  s t u d i e d  by t h e  u s e  of 
p o t e n t i a l  t heo ry  (18, 1 9 ) .  Using t h e s e  r e s u l t s ,  a  s u p e r c a v i t a t i n g  
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f i r s t  s t a g e  was des igned u s i n g  a  f r e e  vor tex-b lade  element ap- 
proach (34,51,52)  where t h e  v a r i a t i o n  of head genera ted  w i th  
r a d i u s  i s  assumed t o  be c o n s t a n t .  
The second o r  s u b c a v i t a t i n g  s t a g e  was designed u s i n g  t h e  
approach of  ( 2 4 )  which r e q u i r e s  no cascade d a t a  and which accounts  
f o r  induced i n t e r f e r e n c e  e f f e c t s  a t  t h e  i m p e l l e r  b l ade  a s  i n -  
f luenced  by t h e  o t h e r  b lades  and t h e  t o t a l  pump v o r t i c i t y .  
An i n i t i a l  de s ign  f o r  t h e  two s t a g e  inducer  u t i l i z i n g  a  
c y l i n d r i c a l  60 p e r c e n t  hub/diameter r a t i o ,  a  two bladed c o n s t a n t  
p r e s s u r e  cambered s u p e r c a v i t a t i n g  f i r s t  s t a g e  ( c h a r a c t e r i s  t i c  
~ / d  = . 540 ) ,  and a s i x  bladed h igh  s o l i d i t y  (c/d = 2 . 4 3 )  second 
s t a g e  having NACA camber and t h i c k n e s s  d i s t r i b u t i o n s  was ob t a ined .  
The des ign  p o i n t  o v e r a l l  performance requirements  were: 
flow c o e f f i c i e n t ,  @ = 0 .10  
0 
head c o e f f i c i e n t ,  ?,b = 0 .25  
s u c t i o n  s p e c i f i c  speed, N = 30,000 
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The s t a b i l i t y  a n a l y s i s  (16 )  i n d i c a t e d  t h a t  15 p e r c e n t  o f  
t h e  t o t a l  i nduce r  head could be provided by t h e  f i r s t  s t a g e  a t  
t h e  des ign  p o i n t  and s t i l l  main ta in  s t a b l e  o p e r a t i o n .  
An exper imental  pump t e s t  loop  ( s e e  F igu re  4) was used t o  
t e s t  t h e  model. The loop  had a  p l e x i g l a s  t e s t  s e c t i o n  f o r  ob- 
s e r v a t i o n  of c a v i t a t i n g  ope ra t i on  and t h e  c a p a c i t y  t o  o p e r a t e  a t  
reduced p r e s s u r e  t o  model N . D i r e c t i o n  s e n s i t i v e  v e l o c i t y  
SS 
probes were used t o  p rov ide  r a d i a l  surveys  o f  t h e  p r e s s u r e ,  ve- 
l o c i t y  and flow d i r e c t i o n  both upstream and downstream of t h e  
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models. ( s e e  F i g u r e  5 ) .  The t e s t  procedure  adopted was t o  hold  
flow c o e f f i c i e n t  cons t an t  and t o  reduce  NPSH ( i n c r e a s e  N ) u n t i l  
SS 
flow breakdown wi th  d a t a  t aken  a t  a r b i t r a r y  p o i n t s  a long  t h e  per -  
formance curve.  
The t e s t  program ( 3 4 )  i n d i c a t e d  t h a t  f o r  optimum performance 
bo th  s t a g e s  r e q u i r e d  empi r i ca l  mod i f i ca t i on .  Seve ra l  modif ica-  
t i o n s  were t r i e d  and t h e  f i n a l  b e s t  performance was ob t a ined  by 
t h e  u s e  of a  th ree-b laded  f i r s t  s t a g e  (c/d = . 810)  a t  t h e  o r i g i n a l  
0 de s ign  p i t c h  and a  s ix -b laded  second s t a g e  a t  1 0  l e s s  t han  t h e  
o r i g i n a l  de s ign  p i t c h .  These s t a g e s  were then  t e s t e d  i n  tandem 
wi th  -6 i n c h  and -1.5 i n c h  ove r l aps  ( s e e  F igures  7 , 8 , 9  and 1 0 ) .  
L i t t l e  d i f f e r e n c e  was noted i n  t h e  performance a t  t h e  two over-  ' 
l a p s .  To compare t h e  exper imental  performance t o  t h e  o r i g i n a l  
des ign  requirement ,  t h e  p o i n t  a t  which t h e  r e q u i r e d  head d i s t r i -  
bu t ion  (15 pe rcen t  f i r s t ,  85 p e r c e n t  second)  occur red  was chosen. 
The tandem model produced more t han  t h e  r e q u i r e d  head coef-  
f i c i e n t  ( .  29/. 25)  a t  l e s s  t han  t h e  des ign  flow c o e f f i c i e n t  
(.083/.100) and l e s s  t han  t h e  des ign  s u c t i o n  s p e c i f i c  speed 
(22,000/30,000). The f i r s t  s t a g e  c a v i t y  l e n g t h s  a t  t h i s  p o i n t  
were approximately  a s  r e q u i r e d  by t h e  o r i g i n a l  de s ign  (1.50-1.75,' 
1 . 5 0 )  Low frequency o s c i l l a t i o n s  o r  i n s t a b i l i t i e s  were no ted  
a t  breakdown bu t  were a t t r i b u t e d  t o  u n s t a b l e  c a v i t y  l e n g t h s  
r a t h e r  t han  r o t a t i n g  s t a l l .  I n  t h e  s t a b l e  r eg ion ,  p r e s s u r e  f l u c t u -  
a t i o n s  over t h e  r ange  0-10,000 cps were g e n e r a l l y  l e s s  t han  5 pe r -  
cen t  of t h e  head gene ra t ed ,  The t r ade -o f f  i n  head g e n e r a t i o n  
between t h e  f i r s t  and second s t a g e s  produced a r e l a t i v e l y  f l a t  
$vs. N c h a r a c t e r i s t i c .  
S S  
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The exper imental  performance, whi le  n o t  q u i t e  r each ing  t h e  
t h e  des ign  o b j e c t i v e s ,  d i d  i n d i c a t e  t h a t  t h e  tandem inducer  having 
a  s u p e r c a v i t a t i n g  f i r s t  s t a g e  had d e f i n i t e  p o t e n t i a l  a s  a  h igh  
N de s ign  concept .  
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F u r t h e r  manipu la t ion  of  t h e  p i t c h  of t h e  tandem inducer  
s t a g e s  ( i n  p a r t i c u l a r  s m a l l e r  p i t c h  ang le s  f o r  S t age  1) may have 
reduced t h e  head c o e f f i c i e n t  and inc rea sed  t h e  flow c o e f f i c i e n t  
b r i n g i n g  each c l o s e r  t o  t h e  des ign  va9ues. Th is  would probably  
have r e s u l t e d  i n  h ighe r  breakdown Nss va lues  because  of t h e  
s m a l l e r  ang le s  of  a t t a c k .  I t  was concluded however, t h a t  w i th  
t h e  cons t an t  p r e s s u r e  cambered b l ade  shapes ,  i t  was d o u b t f u l  t h a t  
t h e  des ign  g o a l  of  30,000 could be reached.  One c h a r a c t e r i s t i c  
of  c o n s t a n t  p r e s s u r e  cambered cascades i s  t h a t  a s  t h e  s o l i d i t y  
i s  i nc rea sed ,  t h e  camber o f  t h e  f o i l  dec rease s  approaching a  f l a t  
p l a t e .  This  i s  d e t r i m e n t a l  t o  t h e  s t a b i l i t y  o f  t h e  flow s i n c e  
f l a t  p l a t e  p r o f i l e s  c r e a t e  a  h ighe r  d rag  f o r  t h e  same l i f t  than  
cambered p r o f i l e s .  The f l a t  p l a t e  must r e l y  e n t i r e l y  on a n g l e  
of  a t t a c k  f o r  l i f t  g e n e r a t i o n .  It  was, t h e r e f o r e ,  appa ren t  t h a t  
t h e  c h a r a c t e r i s t i c s  of  s u p e r c a v i t a t i n g  cascades  having o t h e r  t han  
c o n s t a n t  p r e s s u r e  camber were r e q u i r e d ,  The second s t a g e  pe r -  
formance i n d i c a t e d  t h e  need f o r  ex t ens ion  of t h e  des ign  c a p a b i l i -  
t i e s  of Reference 24 .  I n  p a r t i c u l a r ,  t h e  v e l o c i t i e s  induced by 
a  r a d i a l  l i n e  vo r t ex  i n  an annulus (25)  needed t o  be c a l c u l a t e d  
f o r  sma l l e r  a x i a l  and c i r c u m f e r e n t i a l  spac ings  and f o r  l a r g e r  
hub/diameter r a t i o s .  
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The t h e o r e t i c a l  performance of  s u p e r c a v i t a t i n g  cascades  
having o t h e r  t han  cons t an t  p r e s s u r e  cambers was formulated ( 2 8 )  
and t h e  performance of numerous cascades  c a l c u l a t e d .  The t ypes  
of b lades  considered were t h o s e  ob t a ined  by Johnson (27 )  and i n -  
cluded c i r c u l a r  a r c ,  two-term, th ree- te rm and f i ve - t e rm cambers. 
The h ighe r  t h e  number o f  terms i n  t h e  camber d i s t r i b u t i o n ,  t h e  
f u r t h e r  a f t  t h e  c e n t e r  of  p r e s s u r e  i s  s h i f t e d .  A comparison t o  
t h e  r e s u l t s  o f  (18) i n d i c a t e d  t h a t  t h e  r e s u l t s  o f  (28 )  were more 
conse rva t ive  ( i  e .  more camber and a n g l e  o f  a t t a c k  a r e  r e q u i r e d  
f o r  t h e  same l i f t  than i n  t h e  cons t an t  p r e s s u r e  r e s u l t s ) .  Th is  
i s  i n  agreement wi th  t h e  exper imental  r e s u l t s  on t h e  Phase I 
models. A comparison of  t h e  r e s u l t s  of ( 2 8 )  t o  exper imenta l  
s u p e r c a v i t a t i n g  cascade c h a r a c t e r i s t i c s  was d i f f i c u l t  s i n c e  a l -  
most no r e l i a b l e  da t a  e x i s t s .  A s t u d y  of t h e  i n f l u e n c e  o f  cam- 
ber  t ype  on cascade performance i n d i c a t e d  t h a t  t h e  f i ve - t e rm 
cambered shape should be adopted f o r  f u t u r e  f i r s t  s t a g e  d e s i g n s .  
A fo rmula t ion  of t h e  problem of p a r t i a l l y  c a v i t a t i n g  
cascades o f  cambered b lades  was conducted and publ i shed  (36) f o r  
f u t u r e  u se  i n  t h e  o f f -des ign  performance of  turbomachinery and 
f o r  p a r t i a l l y  c a v i t a t i n g  des ign  u se .  
A t h e o r e t i c a l  s t udy  of t h e  three-dimensional  flow f i e l d  
genera ted  by a  r a d i a l  v o r t e x  f i l a m e n t  i n  a  c y l i n d r i c a l  annulus  
( 4 2 )  was conducted a s  on ex t ens ion  of  t h e  second s t a g e  des ign  
c a p a b i l i t y .  Considerable  d isagreement  was found between t h e s e  
r e s u l t s  and t h e  r e s u l t s  of  Reference 25 except  a t  mid r a d i u s .  
Sample s t r e a m l i n e  c a l c u l a t i o n s  showed t h a t  f o r  hub/diameter 
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r a t i o s  i n  excess  of 0.70,  t h e  th ree-d imens iona l  r e s u l t s  a r e  n o t  
r e q u i r e d  and a  s imp le r  two-dimensional approximation may be used .  
A number o f  f ive- te rm cambered s u p e r c a v i t a t i n g  f i r s t  s t a g e  
des igns  were cons idered  u s ing  t h e  t h e o r e t i c a l  r e s u l t s  of ( 2 8 )  and 
t h e  approach 0.f f r e e  vo r t ex  des ign  and b l ade  element t h e o r y .  The 
o v e r a l l  inducer  requirements  were t aken  t o  be t h e  same a s  f o r  
t h e  cons t an t  p r e s s u r e  cambered c a s e  p r e v i o u s l y  d e s c r i b e d .  
Among t h e  f i v e  term cambered cases  considered were two and 
t h r e e  bladed des igns  u s i n g  f i r s t  o r d e r  and approximate second 
o rde r  (26 )  r e s u l t s  having:  
( a )  s p e c i f i e d  l i n e a r  C v a r i a t i o n  wi th  r a d i u s  L 
( b )  cons t an t  chord l e n g t h  wi th  r a d i u s  
( c )  cons t an t  s o l i d i t y  wi th  r a d i u s  ( r a d i a l  l e a d i n g  
and t r a i l i n g  edges )  
( d )  s p e c i f i e d  l i n e a r  chord l e n g t h  v a r i a t i o n  w i t h  
r a d i u s  
The two bladed,  second o rde r ,  cons t an t  chord l e n g t h  d e s i g n  
was chosen. L in ing  up t h e  t r a i l i n g  edges i n  a  r a d i a l  d i r e c t i o n  
r e s u l t s  i n  a  swept l e ad ing  edge. The swept l e ad ing  edge has  
been shown ( 4 )  t o  have c e r t a i n  advantages  wi th  r ega rd  t o  s t a -  
b i l i t y  and i n  a d d i t i o n  has  d e f i n i t e  s t r u c t u r a l  advantages .  The 
swept o r  s p i r a l  l e ad ing  edge has  a l s o  been used i n  a  number o f  
o p e r a t i o n a l  r o c k e t  engine inducers  i n c l u d i n g  t h e  J-2 and F-1 
engines  f o r  t h e  Sa tu rn  V launch v e h i c l e .  The des ign ,  a s s i g n i n g  
15  pe rcen t  of t h e  t o t a l  head r i s e  t o  t h e  f i r s t  s t a g e  was shown 
t o  be marg ina l ly  s t a b l e  a t  t h e  des ign  p o i n t  and mid-radius  u s i n g  
t h e  c r i t e r i a  of  ( 16 ) .  
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A h e l i c a l  back s u r f a c e  was used f o r  t h e  model and s t r u c t u r a l  
cons ide ra t i on  based on chordwise bending s t r e s s e s  a t  20 p e r c e n t  
of  t h e  chord from t h e  l ead ing  edge showed s t r u c t u r a l  c o m p a t i b i l i t y  
w i th  p ro to type  inducers  having t h e  d iamete r  and rpm ranges  of t h e  
Sa tu rn  V i nduce r s  when t h e  p ro to type  des ign  s t r e s s  i s  50,000 p s i .  
Using t h e  newly c a l c u l a t e d  r e s u l t s  f o r  t h e  r a d i a l  vo r t ex  
f i l a m e n t  i n  an annula r  space  ( 4 2 ) ,  numerous second ( s u b c a v i t a t i n g  ) 
s t a g e  des igns  were considered u s i n g  t h e  des ign  technique  of ( 2 4 ) .  
The des ign  chosen u t i l i z e d  5 b lades  and a  0 .70  hub/diameter r a t i o .  
S i x  v o r t i c e s  p e r  b lade  were used i n  t h e  des ign  procedure  and t h e  
NACA 65 s e r i e s  camber and 16-009 th i cknes s  f u n c t i o n  were used t o  
a r r i v e  a t  t h e  f i n a l  b l ade  p r o f i l e s  ( s e e  F igu re  2 4 ) .  
The two bladed,  f ive- te rm cambered f i r s t  s t a g e  was manu- 
f a c t u r e d  and t e s t e d  i n  t h e  pump t e s t  loop  ( s e e  F i g u r e  2 2 ) .  S ig-  
n i f i c a n t  improvement was achieved over t h e  performance of t h e  
cons t an t  p r e s s u r e  cambered f i r s t  s t a g e  p r e v i o u s l y  i n v e s t i g a t e d  
( s e e  F igu re  2 6 ) .  The des ign  head c o e f f i c i e n t  (15 p e r c e n t  of  . 2 5 )  
and s u c t i o n  s p e c i f i c  speed (30,000)  were bo th  achieved bu t  a t  a  
flow c o e f f i c i e n t  of on ly  80 pe rcen t  of t h e  des ign  va lue .  
A l a r g e  r e g i o n  of p a r t i a l l y  c a v i t a t i n g  (spanwise d i r e c t i o n )  
flow was noted wi th  t h e  t i p  becoming s u p e r c a v i t a t i n g  be fo re  t h e  
hub. Tip  c a v i t i e s  were sometimes s e p a r a t e  and sometimes merged 
t o  t h e  base c a v i t i e s  ( s e e  F igu re s  28 and 3 0 ) .  I n  e i t h e r  case ,  
t h e y  tended t o  c o l l a p s e  a t  t h e  same p o i n t  a s  t h e  base  c a v i t i e s .  
The v a r i a t i o n  i n  t h e  base  c a v i t y  l e n g t h  when f u l l y  c a v i t a t i n g  
was such t h a t  t h e  c l o s u r e  of t h e  c a v i t y  p a r a l l e l e d  t h e  l ead ing  
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edge of  t h e  fo l lowing  b l a d e .  A r eg ion  of  s eve re ,  i n s t a b i l i t i e s  
and r eg ions  having va r ious  c a v i t a t i o n  p a t t e r n s  i n c l u d i n g  some 
f a c e  c a v i t a t i o n  were found t o  be p r e s e n t  ( s e e  F igu re  2 6 ) .  
From t h e  exper imental  r e s u l t s  on t h e  two bladed f ive- te rm 
model i t  seemed apparen t  t h a t  t h e  des ign  g o a l  head c o e f f i c i e n t  
and s u c t i o n  s p e c i f i c  speed could n o t  be met wi th  t h i s  model a t  
t h e  r e q u i r e d  f low c o e f f i c i e n t  of 0 .10 .  However, s i g n i f i c a n t  i m -  
provement over t h e  b e s t  f i r s t  s t a g e  model having cons tan t  p r e s -  
s u r e  camber was ach ieved .  Most no tab ly ,  t h e  o p e r a t i n g  N v a l u e  
ss 
inc rea sed  from 22,000 t o  30,000. 
A f i r s t  s t a g e  model having t h e  same b l ade  p r o f i l e s  b u t  wi th  
t h r e e  b lades  was cons t ruc t ed  i n  t h e  b e l i e f  t h a t  t h e  h ighe r   solidity 
b lades  might improve o v e r a l l  head g e n e r a t i o n  and thus  d e l a y  break- 
down t o  a h ighe r  N v a l u e  a t  a  h i g h e r  flow c o e f f i c i e n t .  The 
s s  
b lades  were a l s o  reduced i n  p i t c h  by lo t o  i n c r e a s e  t h e  f low co- 
e f f i c i e n t  o p e r a t i n g  r ange .  The r e s u l t i n g  t h r e e  bladed f i ve - t e rm 
cambered f i r s t  s t a g e  was manufactured and t e s t e d  i n  t h e  pump 
t e s t  loop .  The a d d i t i o n  of t h e  t h i r d  b l ade  g r e a t l y  i n c r e a s e d  t h e  
head g e n e r a t i o n  a t  low N va lues ,  bu t  reduced t h e  breakdown Nss 
SS 
va lue  a t  a l l  flow c o e f f i c i e n t s  ( s e e  F igu re  35).  The r e g i o n  of 
f a c e  c a v i t a t i o n  was i n c r e a s e d  i n  s p i t e  o f  i n c r e a s e d  head gene ra -  
t i o n  and t h e  base  c a v i t y  l e n g t h s  be fo re  breakdown were reduced.  
The phenomenon of unequal  c a v i t y  l e n g t h s  was a l s o  noted f o r  t h i s  
model. 
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Near t h e  des ign  flow c o e f f i c i e n t  ( .  1 0 )  t h e  o u t l e t  a x i a l  
v e l o c i t y  p r o f i l e s  were r a t h e r  non-uniform wi th  t h e  v e l o c i t y  i n -  
c r ea s ing  from hub t o  t i p  wi th  some boundary l a y e r  e f f e c t s  modi- 
f y i n g  t h e  d i s t r i b u t i o n .  Suc t ion  s p e c i f i c  speed had little e f f e c t  
on a x i a l  v e l o c i t y  p r o f i l e  bu t  flow c o e f f i c i e n t  i n f luenced  i t  
q u i t e  s t r o n g l y .  A t  lower flow c o e f f i c i e n t s  where t h e  flow was 
f u l l y  s u p e r c a v i t a t i n g  t h e  a x i a l  p r o f i l e  was much more uniform 
( s e e  F igu re  4 0 ) .  Typica l  t o t a l  head g e n e r a t i o n s  v a r i e d  by 15 t o  
25 p e r c e n t  wi th  r a d i a l  l o c a t i o n  wi th  t h e  h ighe r  va lues  nea r  t h e  
t i p .  
Ana lys i s  of  t h e  b l ade  element performance of t h e  two and 
t h r e e  bladed f i v e  term cambered models a t  t h e  midspall of t h e  
b l ade  when o p e r a t i n g  i n  t h e  f u l l y  s u p e r c a v i t a t i n g  mode i n d i c a t e d  
t h a t  t h e  t h e o r y  (28 )  r ea sonab ly  c a l c u l a t e s  t h e  cascade l i f t  pe r -  
formance when t h e  b a s i c  assumption ( f u l l y  ~ u ~ e r c a v i t a t i n g )  i s
met. ( s e e  F igu re s  44, 45, 46 and 4 7 ) .  The p a r t i a l l y  c a v i t a t i n g  
o r  non -cav i t a t i ng  da t a  a t  midspan i n d i c a t e s  h ighe r  l i f t  coef -  
f i c i e n t s  t han  when s u p e r c a v i t a t i n g  a s  would be expected.  Face 
c a v i t a t i n g  cond i t i ons  r e s u l t e d  i n  l i f t  r e d u c t i o n .  
Using t h e  s t a b i l i t y  a n a l y s i s  t echn iques  of  (16 )  t h e  ex- 
per imenta l  d a t a  f o r  t h e  two and th ree-b laded ,  f i ve - t e rm cambered 
models was analyzed a t  midspan. According t o  (16) t h e  o n s e t  o f  
r o t a t i n g  s t a l l  t ype  i n s t a b i l i t i e s  should  occur when t h e  r a t i o  
of t h e  parameters  M/M~ approaches 1 . 0 .  If t h i s  type  of i n s t a -  
b i l i t y  i s  r e s p o n s i b l e  f o r  t h e  r e g i o n s  of  i n s t a b i l i t i e s  no ted  i n  
t h e  model t e s t s ,  t h e  r a t i o  M / M ~  should t hus  approach 1 . 0  o r  a t  
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l e a s t  s t e a d i l y  increase  a s  t h e  boundary of the  uns table  region 
i s  approached. This was not found t o  be so.  It was thus  con- 
cluded t h a t  the  c r i t e r i o n  of (16) d id  not  adequately p r e d i c t  
the  onset of i n c i p i e n t  i n s t a b i l i t i e s  i n  t h e  cav i ty  flows under 
I cons idera t ioneand,  the re fo re ,  t h a t  t h e  r o t a t i n g  s t a l l  mechanism 
was not  responsible  f o r  the  l a r g e  magnitude, low frequency o s c i l -  
l a t i o n s  observed i n  t h e  c a v i t a t i n g  inducers  s tudied .  
Analysis of t h e  c a v i t y  length  d a t a  f o r  both models indica ted  
t h a t ,  provided t h e  flow c o e f f i c i e n t  was below a  c e r t a i n  c r i t i c a l  
value,  t h e  region of severe o s c i l l a t i o n s  corresponded t o  t h a t  op- 
e r a t i n g  condi t ion  where the  c a v i t y  co l l aps ing  from one blade ex- 
tends back t o  o r  s l i g h t l y  beyond t h e  leading  edge of the  adja-  
cent b lade .  The o s c i l l a t i o n  of t h e  flow i n  the  uns table  region 
appears t o  be of t h e  l i m i t  cycle  type,  but t h e  exact mechanism 
i s  unce r t a in .  From the  ana lys i s ,  however, it may be concluded 
t h a t  t h e  o s c i l l a t i o n s  a re  probably due t o  t h e  i n t e r a c t i o n  of 
t h e  c a v i t i e s  with adjacent  b lades  a t  c r i t i c a l  c a v i t y  l eng ths  and 
th icknesses ,  Because of the  complex flow a t  the  entrance t o  t h e  
gap formed by t h e  adjacent  blade,  t h e  c a v i t y  length-head r e l a -  
t ionsh ip  may be inheren t ly  uns table  leading  t o  cav i ty  l eng th  
o s c i l l a t i o n  between f ixed  boundaries. 
I n  t h e  l a r g e  " s t ab le1 '  region of operat ion,  an a n a l y s i s  
of t h e  magnitude and frequency of o s c i l l a t i o n s  i n  t h e  0-100 cps 
range i n d i c a t e s  t h a t  peaks occur i n  t h e  v i c i n i t y  of 20 cps and 
85 cps.  Neither pressure  peak exceeded 10 percent  of the  head 
generated by t h e  f i r s t  s tage and the  N values of 22,000 or  
SS 
l e s s  n e i t h e r  exceeded 5 percent .  Corre la t ion  with d/c ind ica ted  
a  minimum a t  about %/c = 1 , 4 0 .  
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No tandem t e s t s  were conducted u s ing  a  f i ve - t e rm cambered 
f i r s t  s t a g e ,  however, t h e  r e s u l t s  o f  p r e s s u r e  f l u c t u a t i o n  mea- 
surements on tandem t e s t s  dur ing  Phase I i n d i c a t e  t h a t  t h e  over-  
a l l  p r e s s u r e  f l u c t u a t i o n  l e v e l  i n  t h e  tandem c o n f i g u r a t i o n  w i l l  
be much lower when expressed a s  a  percen tage  of  t o t a l  inducer  
head.  This i s  due t o  t h e  r e l a t i v e l y  s m a l l e r  f l u c t u a t i o n s  o f  t h e  
second s t a g e  and t h e  h ighe r  p o r t i o n  of t h e  t o t a l  head gene ra t ed  
by t h a t  s t a g e .  
It i s  concluded t h a t  a  tandem inducer  u s i n g  a  s u p e r c a v i t a -  
t i n g  f i rs t  s t a g e  and s u b c a v i t a t i n g  second s t a g e  may be des igned 
t o  o p e r a t e  over  a  f a i r l y  wide r ange  of s u c t i o n  s p e c i f i c  speeds  
(models opera ted  a t  10,000 - 30,000 i n  w a t e r )  and flow c o e f f i -  
c i e n t s  (models opera ted  a t  .12 - .07) with  p r e s s u r e  f l u c t u a t i o n s  
of  l e s s  than  1 0  p e r c e n t  of t h e  head gene ra t ed .  
The i n f l u e n c e  of t h e  remainder of t h e  h y d r a u l i c  system 
( i n c l u d i n g  main f u e l  pump) on damping o r  ampl i fy ing  t h i s  l e v e l  
cannot p r e s e n t l y  be p r e d i c t e d .  I n  a d d i t i o n ,  t h e  number o f  i n -  
ducer  models t e s t e d  has  been q u i t e  l i m i t e d  and t h e s e  have been 
t e s t e d  only  i n  room tempera ture  wate r .  The thermodynamic e f -  
f e c t s  of c a v i t a t i o n  i n  cryogenic  f l u i d s  w i l l  r a i s e  t h e  r ange  of 
o p e r a t i n g  s u c t i o n  s p e c i f i c  speeds t o  h ighe r  va lues .  
Appendix A p rov ides  a  summary of t h e  i nduce r  performance 
c h a r a c t e r i s t i c s  dur ing  a  f l i g h t  of  t h e  S a t u r n  V launch v e h i c l e  
u s i n g  t h e  d a t a  a v a i l a b l e .  Appendix B d i s c u s s e s  t h e  s h u t t l e  
v e h i c l e  i nduce r  performance c h a r a c t e r i s t i c s  based on some p r e -  
l im ina ry  and h i g h l y  speculative d a t a .  The problems r e l a t i n g  
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t o  s t r e s s e s  and c a v i t a t i o n  damage t o  t h e  i m p e l l e r  and ca s ing  
a r e  considered t o  be ve ry  s e r i o u s  and r e q u i r e  c a r e f u l  a t t e n t i o n .  
The e f f e c t  of  c a v i t a t i o n  damage on a  convent iona l  ( s h o r t  l i f e )  
r o c k e t  inducer  i s  minor s i n c e  t h e  o p e r a t i n g  t ime i s  on ly  a  ma t t e r  
of minutes .  The s h u t t l e ,  however, wi th  t h e  r e q u i r e d  r e u s a b l e  
c h a r a c t e r i s t i c  p r e s e n t s  s e r i o u s  m a t e r i a l  problems i n  t h e  t u rbo -  
machinery sys  tem. 
6 . 0  CONCLUSIONS 
Based on t h e  work r epo r t ed ,  t h e  fo l l owing  conc lus ions  may 
be drawn: 
1. Based on t h e  Phase I t e s t s  t h e  cons t an t  p r e s s u r e  
cambered s u p e r c a v i t a t i n g  cascade theory  (18) tends  t o  be o v e r l y  
o p t i m i s t i c  i n  p r e d i c t i n g  t h e  l i f t  performance of h igh  s t a g g e r  
a n g l e  cascades .  
2.  The t heo ry  f o r  s u p e r c a v i t a t i n g  cascades  of  cambered 
f o i l s  ( 28 )  appears  t o  a g r e e  r a t h e r  wel l  wi th  t h e  t e s t  d a t a  pro-  
vided t h a t  t h e  f low i s  n e a r l y  two-dimensional and t h a t  super -  
c a v i t a t i n g  cond i t i ons  e x i s t .  
3.  The complex t h r e e  dimensional  flow f i e l d  p r e s e n t  
i n  an a c t u a l  inducer  a lmost  a s s u r e s  t h a t  emp i r i ca l  mod i f i ca t i ons  
t o  t h e  des ign  w i l l  be r e q u i r e d .  The des ign  technique  a s  de- 
veloped (26 ,34)  i s  admi t t ed ly  l e s s  s o p h i s t i c a t e d  than  might be 
d e s i r e d ,  however, i t  appears  t o  be an adequate  f i r s t  s t e p  which 
should  be b u i l t  upon. A new r a t i o n a l e  f o r  de te rmin ing  head d i s -  
t r i b u t i o n  among s t a g e s  i s  needed. 
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4 .  The cons t an t  p r e s s u r e  cambered f o i l  p r o f i l e  i s  
considered i n f e r i o r  t o  t h e  f i ve - t e rm cambered shape f o r  cascade  
a p p l i c a t i o n s .  The s h i f t  of  t h e  c e n t e r  of p r e s s u r e  f u r t h e r  a f t  
i s  advantageous.  
5 Due t o  t h e  va r ious  o f f - d e s i g n  o p e r a t i n g  c o n d i t i o n s  
encountered,  t h e  t heo ry  formulated f o r  p a r t i a l l y  c a v i t a t i n g  cas-  
cades might prove e s p e c i a l l y  v a l u a b l e  and should be f u r t h e r  
s t u d i e d .  
6 .  The swept l e ad ing  edge c o n f i g u r a t i o n  i s  a p p a r e n t l y  
both  hydrodynamically and s t r u c t u r a l l y  s u p e r i o r  t o  t h e  r a d i a l  
l e a d i n g  edge des ign .  
7. The improved second s t a g e  des ign  c a p a b i l i t y  made 
p o s s i b l e  p r i m a r i l y  through t h e  i n v e s t i g a t i o n  of  t h e  r a d i a l  
vo r t ex  f i l a m e n t  i n  a  c y l i n d r i c a l  annulus  (42 )  should r e s u l t  i n  
much improved second s t a g e  des igns .  I n  p a r t i c u l a r ,  t h e  l a r g e r  
hub/diameter r a t i o s  such a s  i n  t h e  des igns  d i s cus sed  should  i m -  
prove performance.  No model t e s t s ,  however were conducted on 
second s t a g e  models a f t e r  t h e  improved des ign  in format ion  was 
a v a i l a b l e .  
8. I n  tandem, a  two s t a g e  model demonstrated a  f l a t  
N vs.q cu.rve wi th  a  l a r g e r  pe rcen t age  of t h e  t o t a l  head be ing  
S S  
assumed by t h e  second s t a g e  a s  N i s  i n c r e a s e d .  I n  a d d i t i o n ,  
S S  
t h e  tandem model ( 7 . 0  i n c h  d i ame te r )  was a f f e c t e d  on ly  s l i g h t l y  
by a  change i n  ove r l ap  from -6 .0  inches  t o  -1 .5  inches .  
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9. While n o t  t o t a l l y  e l i m i n a t i n g  t h e  u n s t a b l e  r eg ion ,  
t h e  tandem inducer  c o n f i g u r a t i o n  w i t h  a  s u p e r c a v i t a t i n g  f i r s t  
s t a g e  d id  produce a  l a r g e  " s t a b l e "  o p e r a t i n g  r ange  where t h e  
t o t a l  f l u c t u a t i n g  head was t y p i c a l l y  l e s s  than 5 p e r c e n t  of  t h e  
t o t a l  head gene ra t ed .  
10 .  The o r i g i n a l l y  proposed s t a b i l i t y  c r i t e r i o n  of 
(16) d i d  n o t  appear  t o  c o r r e l a t e  w e l l  w i th  t h e  observed o n s e t  o f  
flow i n s t a b i l i t i e s  i n  t h e  model. 
11. The mechanism f o r  f low i n s t a b i l i t y  i n  t h e  models 
t e s t e d  appeared t o  be r e l a t e d  t o  cascade-cav i ty  i n t e r f e r e n c e .  
The base  c a v i t y  i s  predominant i n  t h i s  i n t e r f e r e n c e ,  t h e  e f f e c t  
of  t h e  t i p  c a v i t y  being secondary.  When t h e  flow c o e f f i c i e n t  
i s  below a c r i t i c a l  va lue  (dependent on t h e  geometry of  each 
i n d u c e r )  and t h e  s u c t i o n  s p e c i f i c  speed i s  h igh  enough t h a t  t h e  
c a v i t y  extends  back t o  o r  s l i g h t l y  beyond t h e  l e a d i n g  edge of 
t h e  a d j a c e n t  b lade ,  l i m i t  c y c l e  t ype  c a v i t y  o s c i l l a t i o n s  may 
occur .  I n  t h i s  r eg ion  i t  i s  be l i eved  t h a t  t h e  cav i ty - l eng th -  
head r e l a t i o n s h i p  f o r  t h e  impe l l e r  may be i n h e r e n t l y  u n s t a b l e  
wi th  t h e  c a v i t y  l e n g t h  and head o s c i l l a t i n g  between f i x e d  
boundar ies .  
1 2  It i s  appa ren t  t h a t  tandem induce r s  u s i n g  a  
s u p e r c a v i t a  t i n g  f i r s t  s t a g e s  and s u b c a v i t a t i n g  second s t a g e s  may 
be des igned t o  o p e r a t e  over a  f a i r l y  wide r ange  of s u c t i o n  
s p e c i f i c  speeds (models opera ted  a t  10,000 - 30,000 i n  w a t e r )  
and flow c o e f f i c i e n t s  (models opera ted  a t  . 1 2  - . 0 7 )  w i t h  p r e s -  
s u r e  f l u c t u a t i o n s  of l e s s  than 10  pe rcen t  of t h e  head g e n e r a t e d .  
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13. The i n f l u e n c e  of t h e  remainder of  t h e  h y d r a u l i c  
system ( i n c l u d i n g  main f u e l  pump) on damping o r  ampl i fy ing  t h e  
p r e s s u r e  f l u c t u a t i o n  l e v e l  cannot p r e s e n t l y  be p r e d i c t e d .  I n  
a d d i t i o n ,  t h e  number of  inducer  models t e s t e d  has  been l i m i t e d  
and t h e s e  have been t e s t e d  on ly  i n  room temperature  wate r .  The 
thermodynamic e f f e c t s  of  c a v i t a t i o n  i n  cryogenic  f l u i d s  w i l l  
r a i s e  t h e  range  of o p e r a t i n g  s u c t i o n  s p e c i f i c  speeds t o  h i g h e r  
1 4 ,  The t ype  of inducer  i n v e s t i g a t e d  might w e l l  be 
an a l t e r n a t i v e  t o  t h e  s imple  h e l i c a l  types  p r e s e n t l y  used .  This  
approach would appear  t o  be even more a t t r a c t i v e  a s  f u t u r e  pe r -  
formance requirements  become more s e v e r e  wi th  r ega rd  t o  h i g h e r  
speeds,  lower flow c o e f f i c i e n t s ,  and h ighe r  t o t a l  head g e n e r a t i o n  
requ i rements .  It seems l i k e l y  t h a t  more t han  two s t a g e s  may be 
r e q u i r e d  f o r  such a p p l i c a t i o n s .  
15. C a v i t a t i o n  damage t o  t h e  models and t e s t  s e c t i o n  
and prev ious  r e s e a r c h  i n t o  c a v i t a t i o n  damage and r e l a t e d  phe- 
nomena i n d i c a t e s  t h a t  s e r i o u s  m a t e r i a l s  problems may be expected 
f o r  f u t u r e  h igh  performance turbomachinery systems having long 
l i f e  requirements  such a s  f o r  t h e  proposed space  s h u t t l e  v e h i c l e .  
These problems w i l l  be  p r e s e n t  r e g a r d l e s s  of t h e  inducer  con- 
f i g u r a t i o n  f i n a l l y  chosen. 
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A P P E N D I X  A 
SATURN V I N D U C E R  O P E R A T I N G  C H A R A C T E R I S T I C S  
HYDRONAUTICS , I n c o r p o r a t e d  
The f o l l o w i n g  s e c t i o n  p r e s e n t s  a n  a n a l y s i s  of t h e  
o p e r a t i n g  c h a r a c t e r i s t i c s  o f  t h e  S a t u r n  V launch v e h i c l e  
turbomachinery  ( p r i m a r i l y  i n d u c e r )  o p e r a t i n g  c h a r a c t e r i s t i c s .  
The a n a l y s i s  i s  based on i n f o r m a t i o n  r e c e i v e d  from NASA which 
c o n s i s t e d  of  t h e  f o l l o w i n g :  
( a )  A drawing (No. 459005) of t h e  ~ o c k e t d ~ n e  J - 2  
f u e l  i n d u c e r .  
( b )  A drawing (No. 456205) of t h e  Rocketdyne J - 2  
o x i d i z e r  i n d u c e r .  
( c )  A drawing (No. 459738 Rev. 8) of t h e  Rocketdyne 
F-1 o x i d i z e r  i n d u c e r .  
( d )  A t e s t  d a t a  p l o t  (No. AX-0244) of  head g e n e r a t e d  
v s .  NPSH f o r  v a r i o u s  f low r a t e s  i n  L;H2 f o r  t h e  
J - 2  f u e l  pump assembly ( n o t  i n d u c e r  a l o n e ) .  The 
r a n g e  i n  t h i s  p l o t  i s  NPSH: 0 -3201 ,  HEAD: 26,000- 
3 8 , 0 0 0 1 ,  DISCHARGE: 7220-8576 gpm., RPM: 25,600. 
( e )  A t e s t  d a t a  p l o t  (ENGINE No. S/N J-2083) o f  t h e  
head g e n e r a t e d  v s .  NPSH f o r  v a r i o u s  f low r a t e s  
i n  wa te r  f o r  t h e  5 - 2  o x i d i z e r  pump assembly 
( n o t  i n d u c e r  a l o n e ) ,  The r a n g e  f o r  t h i s  p l o t  
i s  NPSH: 10-90 I ,  HEAD : 1200-19001,  DISCHARGE: 
2264-2851 gpm, RPM: 7892.  
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( f )  Three t e s t  d a t a  p l o t s  (c-365, 366  & 3 6 7 )  of  
t h e  head g e n e r a t e d  v s .  NPSH f o r  v a r i o u s  f low 
r a t e s  i n  LOX f o r  t h e  F-1 o x i d i z e r  pump assembly 
( n o t  i n d u c e r  a l o n e )  a l s o  c a l l e d  t h e  Mark 1 0  LOX 
Pump. The r a n g e  f o r  t h e s e  p l o t s  i s  NPSH: 40-1401,  
HEAD: 2600-3500 I ,  DISCHARGE: 25,000-29,750 gpm, 
RPM: 5700. 
I n  a d d i t i o n ,  t h e  a v a i l a b l e  i n f o r m a t i o n  r e g a r d i n g  t h e  NPSH 
r a n g e  i n  f l i g h t  i s  as f o l l o w s :  
NPSH - F t .  
J-2 O x i d i z e r  
Using t h i s  a v a i l a b l e  m a t e r i a l ,  t h e  f o l l o w i n g  r a n g e s  of 
pa ramete r s  d u r i n g  a n  a c t u a l  f l i g h t  have been c a l c u l a t e d .  The 
r e s u l t s  p r e s e n t e d  i n  Tables A-1 ,  A-2 and A-3  a r e ,  t h e r e f o r e ,  
a m i x t u r e  of  f l i g h t  i n f o r m a t i o n  and t e s t  d a t a  r e s u l t s  t o g e t h e r  
w i t h  t h e  geometry of  t h e  i n d u c e r s  as o b t a i n e d  from t h e  d rawings .  
These numbers a r e  b e l i e v e d  t o  b e  a fa i r  approx imat ion  of 
t h e  i n d u c e r  performance  i n  t h e  S a t u r n  V a p p l i c a t i o n .  However, 
a t ime  h i s t o r y  of  t h e  v a r i a t i o n  of d i s c h a r g e  ( f low c o e f f i c i e n t )  
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and NPSH was n o t  a v a i l a b l e  t o  c a l c u l a t e  t h e  t ime  h i s t o r y  of 
s u c t i o n  s p e c i f i c  speed  d u r i n g  a t y p i c a l  f l i g h t .  The perform-  
a n c e  c u r v e s  a v a i l a b l e  were n o t  f o r  t h e  i n d u c e r  a l o n e ,  b u t  
r a t h e r  f o r  t h e  inducer-main  f u e l  pump combina t ion .  
The vapor  p r e s s u r e - t e m p e r a t u r e  r e l a t i o n s h i p  f o r  LH, is  
s o  c r i t i c a l  t h a t  t h e  t e m p e r a t u r e  of  t h e  i n l e t  f u e l  i s  a p p a r e n t l y  
a n  o v e r r i d i n g  f a c t o r  i n  d e t e r m i n i n g  NPSH a t  t h e  i n l e t .  F o r  
0 
example, LH, becomes a s o l i d  at  25.2  R where t h e  vapor  p r e s s u r e  
0 i s  on ly  abou t  36 f t .  of  LH,. A t  3 0  R t h e  vapor  p r e s s u r e  has  
r i s e n  t o  115l LH, and a t  3 5 ' ~  t o  295'  LH,. Temperature c o n t r o l  
must,  t h e r e f o r e ,  b e  v e r y  c r i t i c a l  t o  t h e  performance  of  t h e  
tu rbomach ine ry .  The t i m e  h i s t o r y  of  t h e  LH, t e m p e r a t u r e  v a r i -  
a t i o n  d u r i n g  a f l i g h t  would be  h e l p f u l  i n  u n d e r s t a n d i n g  t h e  
problem. I n  t h e  c a s e  of  LOX, t h e  vapor  p r e s s u r e  i s  l e s s  t h a n  
1 p s i  o r  2 f t .  o f  LOX as long  as t h e  t e m p e r a t u r e  i s  k e p t  below 
0 125 R and would t h e r e f o r e  a p p e a r  t o  b e  much l e s s  c r i t i c a l  t h a n  
LH, . 
NASA i n d i c a t e d  t h a t  t h e  f requency  r a n g e  of  impor tance  f o r  
t h e  F-1 e n g i n e  was abou t  0-50 cps w i t h  p a r t i c u l a r  emphasis on 
t h e  10-15 and 28-35 cps r e g i o n s .  While t h e  requ i rement  was 
s t a t e d  t h a t  t h e  i n d u c e r  and main pump i n s t a b i l i t i e s  s h o u l d  be 
such  t h a t  no more t h a n  0.1% f l u c t u a t i o n  i n  chamber p r e s s u r e  
would b e  obse rved  i n  t h e  0-50 cps range ,  no  i n f o r m a t i o n  i s  
a v a i l a b l e  on what t h i s  i s  l i k e l y  t o  r e q u i r e  i n  t h e  r a t i o  of  
f nducer  head i n s t a b i l i t y  t o  i n d u c e r  developed head.  
TABLE A- 1 
Rocketdyne J - 2  U x i d i z e r  I n d u c e r  
Geometry: Genera l  Engine C h a r a c t e r i s t i c s :  
I n l e t  0 .  D .  6 .75"  Engine t h r u s t  23 0 ,000 l b  . 
O u t l e t  O . D .  6 .75"  Engine l e n g t h  116 i n c h e s  
I n l e t  hub d i a m e t e r  1 .375"  Engine d i a m e t e r  8 0 . 5  i n c h e s  
O u t l e t  hub d i a m e t e r  2.750" Engine weight  3492 l b .  
I n l e t  hub r a t i o  0 .204 F u e l / o x i d i z e r  LH, /LOX 
O u t l e t  hub r a t i o  0 .408 LH, d e n s i t y  4 .39  l b / f t . 3  
A x i a l  e x t e n t  3 .25"  LOX d e n s i t y  7 0 . 8  1 6 / f t . 3  
A x i a l  e x t e n t  r a t i o  0 .481  Volume r a t e  of  LH, cons .  .252-.  299 cu f  t . /h r .  / l b .  T  
Number of  b l a d e s  ( t o t a l )  3 Weight r a t e  of  LH, cons .  1.11-1.3 1 lb /h r / lb  . T  
Number of f u l l  b l a d e s  3 Volume r a t e  o f  LOX cons .  .079-.0995 c u . f t / h r . / l b . T  
Number of  p a r t i a l  b l a d e s  0  Weight r a t e  of LOX cons .  5.59-7.04 l b / h r . / l b . ~  
I n l e t  a r e a  0.238 f t . 2  Volume r a t i o  o f  LH,/LOX 3 .00-3.19 
Out l e t  a r e a  0.208 f t . 2  Weight r a t i o  of  LH,/LOX .I87 - . I 9 9  
I n l e t  a r e a  b e f o r e  hub 0.249 f t e 2  I 
Co 
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Flow C o n d i t i o n s :  S a t u r n  V 
S t a g e  I1 o r  S t a g e  I11 
RPM 
NPSH r a n g e  i n  f l i g h t  
D i s c h a r g e  r a n g e ,  gpm 
Discharge  r a n g e ,  c f s  
I n l e t  a x i a l  v e l o c i t y  r a n g e  
O u t l e t  ax i a l  v e l o c i t y  r a n g e  
I n l e t  t i p  speed  
O u t l e t  t i p  speed  
I n l e t  f low c o e f .  r a n g e  
O u t l e t  f low c o e f .  r ange  
I n l e t  f low c o e f .  r a n g e  
e x c l u d i n g  .204 hub 
*s s 
r a n g e  i n  f l i g h t  u s i n g  max. Q 
Nss r a n g e  i n  f l i g h t  u s i n g  min. Q 
Tlp o r a n g e  u s i n g  max. Q 
Tip  o r a n g e  u s i n g  min. Q 
Hub o r a n g e  u s i n g  max. Q 
Hub o r a n g e  u s i n g  min. Q 
8 ,800  
42-55 
2264-2851 gpm 
5.05-6.35 c f s  
21.2-26.7 f p s  
24.3-30.5 f p s  
259 f p s  
259 f p s  
.819-. 1030 
.O938-. 1178 
.O784-.0985 
TABLE A-2 
Rocketdyne J - 2  F u e l  I n d u c e r  
Geometry: 
I n l e t  O . D .  
O u t l e t  O . D .  
I n l e t  - hub d i a m e t e r  
O u t l e t  - hub d i a m e t e r  
I n l e t  - hub r a t i o  
O u t l e t  - hub r a t i o  
A x i a l  e x t e n t  
A x i a l  e x t e n t  r a t i o  
Number o f  b l a d e s  ( t o t a l )  
Number of f u l l  b l a d e s  
Number of  p a r t i a l  b l a d e s  
I n l e t  a r e a  
O u t l e t  a r e a  
I n l e t  a r e a  b e f o r e  hub 
Genera l  Engine C h a r a c t e r i s t i c s :  
Engine t h r u s t  
Engine l e n g t h  
Engine d i a m e t e r  
Engine weight  
~ u e l / o x i d i z e r  
LH, d e n s i t y  
LOX d e n s i t y  
Volume r a t e  of LH, cons .  
Weight r a t e  o f  LH, cons .  
Volume r a t e  of  LOX cons .  
Weight r a t e  of  LOX cons .  
Volume r a t i o  of  LH,/LOX 
Weight r a t i o  of  LH,/LOX 
230,000 ~ b .  
116 i n c h e s  
8 0 . 5  inches  
3492 l b .  
70 .8  1 6 / f t . ~  
.252--299 c u .  f t . / h r . / l b . T  
1.11-1.3 1 lb /h r / lb  . T  
.079-.OW5 c u . f t / h r . / l b . T  
5 .59-7.04 l b / h r . / l b . T  
3 .00-3.19 
. I 8 7  - .199 
Flow C o n d i t i o n s :  
RPM 
NPSH range  i n  f l i g h t  
Discharge  range ,  gpm 
Discharge  r a n g e ,  c f s .  
I n l e t  a x i a l  v e l o c i t y  r a n g e  
O u t l e t  a x i a l  v e l o c i t y  r a n g e  
I n l e t  t i p  speed 
O u t l e t  t i p  speed 
I n l e t  f low c o e f .  r a n g e  
O u t l e t  f low c o e f .  r ange  
I n l e t  f low c o e f .  r a n g e  
exc lud ing  .376 hub 
Nss r ange  i n  f l i g h t  u s i n g  max 
Tip o range  u s i n g  max. Q 
Tip o range  u s i n g  min. & 
Hub o range  u s i n g  max. Q 
~ u b  o r a n g e  u s i n g  min. Q 
S t a g e  I1 
25,600 
163 ' -350 '  
7220-8576 gpm 
16 .1 -19 .1  c f s  
56 .5 -67 .0  f p s  
188. -223. f p s  
870 f p s  
804 f p s  
.O65-. 077 
.234-.  278 
.056-. 066 
S a t u r n  V 
S t a g e  111 
350-550' 
TABLE A-3  
Rocketdvne F - l  O x i d i z e r  I n d u c e r  
Geometry: 
I n l e t  O . D .  
O u t l e t  O . D .  
I n l e t  hub d i a m e t e r  
O u t l e t  hub d i a m e t e r  
I n l e t  hub r a t i o  
O u t l e t  hub r a t i o  
A x i a l  e x t e n t  
A x i a l  e x t e n t  r a t i o  
Number of b l a d e s  
Number o f  f u l l  b l a d e s  
Number of  p a r t i a l  b l a d e s  
I n l e t  a r e a  
O u t l e t  a r e a  
I n l e t  a r e a  b e f o r e  hub 
. 2  23 
.405 
6 .70"  
.4 25 
3 
3 
0 
1 . 2 8  f t . "  
1.13 f t . "  
1.35 f t . 2  
Genera l  Engine C h a r a c t e r i s t i c s :  
Engine t h r u s t  1 ,522,000 l b .  
Engine l e n g t h  216 i n c h e s  
Engine d i a m e t e r  144 i n c h e s  
Engine we igh t  18 ,800  l b .  
F u e l / o x i d i z e r  LOX/hydrocarbon 
Volume r a t e  of  LOX cons .  .W2- .158  c u . f t . / h r / l b .  
Weight r a t e  of  LOX cons .  9 .35-11.2  l b . / h r / l b . T  
Flow C o n d i t i o n s :  
RPM 
NPSH r a n g e  i n  f l i g h t  
D i s c h a r g e  r a n g e ,  gpm 
D i s c h a r g e  r a n g e ,  c f s  
I n l e t  a x i a l  v e l o c i t y  r a n g e  
O u t l e t  a x i a l  v e l o c i t y  r a n g e  
I n l e t  t i p  speed 
O u t l e t  t i p  speed  
I n l e t  f low c o e f .  r a n g e  
O u t l e t  f low c o e f .  r a n g e  
I n l e t  f low c o e f .  r a n g e  
e x c l u d i n g  .223 hub 
Ns s range  i n  f l i g h t  u s i n g  max. Q Nss r ange  i n  f l i g h t  u s i n g  min. Q 
Tip o range  u s i n g  max. Q 
Tip o range  u s i n g  min. Q 
Hub o r a n g e  u s i n g  max. Q 
Hub o range  u s i n g  min. Q 
S a t u r n  V S t a g e  I1 
57 00 
9 5 '  -255' 
25,000-30,000 gpm 
55.7-66.9  c f s  
43.5-52.2  f p s  
49 .4 -59 .1  f p s  
391 f p s  
3 9 1  f p s  
. 110-. l 3 4  
. l 2 6 - .  151 
.105-.  127 
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A P P E N D I X  B 
S H U T T L E  V E H I C L E  I N D U C E R  O P E X A T I N G  C H A R A C T E R I S I T C S  
HYDRONAUTICS , Incorpora ted  
The fo l lowing  s e c t i o n  d e t a i l s  some c a l c u l a t i o n s  r e g a r d i n g  
t h e  proposed space  s h u t t l e  v e h i c l e  turbomachinery c h a r a c t e r -  
i s t i c s .  NASA has i n d i c a t e d  t h a t  t h e  f u e l  and o x i d i z e r  systems 
w i l l  l i k e l y  c o n t a i n  two s e p a r a t e  inducers  fo l lowed by t h e  main 
c e n t r i f u g a l  pumps. The i nduce r s  a r e  r e f e r r e d  t o  a s  t h e  low 
speed induce r  (LSI)  and h igh  speed inducer  ( % I ) .  The numbers 
p r e sen t ed  a r e  based on some p re l imina ry  i n fo rma t ion .  They a r e  
t h e r e f o r e  q u i t e  s p e c u l a t i v e  and no t  in tended t o  n e c e s s a r i l y  
r e f l e c t  t h e  f i n a l  s h u t t l e  de s ign  c h a r a c t e r i s t i c s ,  
I .  LOX Svstem 
( a )  Low Speed Inducer  (LSI)  
NPSH = 16 f t ,  LOX 
Q = 4000-6000 gpm. 
RPM = 4000 
D i a .  = 14"  
Ou t l e t  head = 200-300 p s i  = 410-610 f t .  LOX 
Based on t h e s e  va lues :  
N r ange  = 31,600 t o  38,700 
S S  
' range  = .0352 t o  .0512 
0 
$ range  = 0.214 t o  0.322 
U = 244 f p s  
t i p  
0 
t i p  range  = .0146 t o  .0161 
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(b) High Speed Induce r  (%I)  and Main LOX Pump 
NPSH r ange  = 410-610 f t .  LOX 
Q ;= 4000-6000 gpm. 
RPM -= 40,000 
D i a .  = 14" 
O u t l e t  head = 6,000-7,000 p s i  = 12,200- 
14,200 f t ,  LOX 
Based on t h e s e  va lue s  : 
N r ange  = 25,000 t o  34,200 (max, Q )  
S S  
o r  20,400 t o  28,000 (min. Q )  
m o  r ange  = ,00342 t o  .00512 
'tip = 2,440 f p s  
0 t i p  = .O044 t o  .0066 
11. LH2 Sys tem 
( a )  Low Speed Inducer  
NPSH = 3 0  f t .  LH2 
Q = 10,000-15,000 gpm 
RPM = 4,000 
D i a .  = 20" 
O u t l e t  head = 900 t o  1 ,200 f t .  LH, 
Based on t h e s e  v a l u e s :  
N r ange  = 31,250 t o  38 ,200  
S S  
r ange  = ,0292 t o  .0438 
0 
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$ r a n g e  = .326 t o  .428 
'tip = 348 f p s  
CT t i p  
( b )  High Speed I n d u c e r  (HSI )  and Main LH, Pump 
MPSH r a n g e  = 900 - 1 , 2 0 0 '  LH, 
Q = 10,ooo-15,000 gpm 
RPM = 40,000 
D i a .  = 1 4 "  
O u t l e t  head = 6,000-7,000 p s i  = 197,000 t o  
230,000 f t .  LH, 
Based on t h e s e  v a l u e s :  
N r a n g e  = 24,00 t o  29,650 (max. Q )  
SS 
19,600 t o  24,200 (min,  Q )  
r a n g e  = .00858 t o  .Ox28 
0 
'tip = 2440 f p s  
CT t i p  
Based on t h e  summary p r e s e n t e d ,  t h e  low speed  i n d u c e r  f o r  
t h e  LOX sys tem i s  r e l a t i v e l y  c o n v e n t i o n a l .  The N v a l u e s  a r e  
ss 
r e a s o n a b l e  w i t h  t h e  f low c o e f f i c i e n t  r a n g e  c o n s i d e r a b l y  lower  
t h a n  most i n d u c e r s .  The low speed  i n d u c e r  f o r  t h e  LH, s y s t e m  
i s  similar t o  t h e  LOX L.S.1 ,  w i t h  a  lower t h a n  u s u a l  f low c o e f -  
f i c i e n t  r a n g e .  
HYDRONAUTICS, I n c o r p o r a t e d  
The h i g h  speed i n d u c e r s  f o r  b o t h  t h e  LOX and LH, sys tems 
have  r e a s o n a b l e  N v a l u e s  i n  t h e  r a n g e  of 19 ,000  t o  34 ,000,  
SS 
b u t  have  ex t remely  low flow c o e f f i c i e n t s  ( $ 0 0 4  t o  .013)  and 
h i g h  t i p  speeds  (2440 f p s ) .  
The low f low c o e f f i c i e n t s  . p r e s e n t  t h e  problem of  e x t r e m e l y  
h i g h  s t a g g e r  a n g l e  r equ i rements  f o r  t h e  a p p r o p r i a t e  c a s c a d e s ,  
0 For  00 = .007,  f o r  example, t h e  s t a g g e r  a n g l e $ , i s  89 3 6 ' .  A s  
0 
P I -  9 0  ( 1 .  0 + 0  t h e  normal t o  t h e  b l a d e  l e a d i n g  edges 
approaches  a 90' a n g l e  t o  t h e  incoming f low.  A t  small a n g l e s  
of a t t a c k ,  t h e r e f o r e ,  i t  i s  a p p a r e n t  t h a t  t h e  s o l i d i t y  o f  s u c h  
a  c a s c a d e  canno t  exceed 1 . 0  o r  t h e  t r a i l i n g  edge of  one b l a d e  
w i l l  o v e r l a p  t h e  l e a d i n g  edge of t h e  n e x t .  
It would seem t h a t  i n d u c e r s  w i t h  such  - low f low 
c o e f f i c i e n t s ,  t h e r e f o r e ,  must b e  l i m i t e d  t o  r a t h e r  low s o l i d i -  
t i e s  on t h e  o r d e r  of 0 .50  t o  a v o i d  s e v e r e  i n t e r f e r e n c e .  The 
c o n v e n t i o n a l  h e l i c a l  i n d u c e r  has a t y p i c a l  s o l i d i t y  much h i g h e r  
t h a n  t h i s .  For  example, t h e  F-1 o x i d i z e r  i n d u c e r  has  s o l i d i t y  
v a l u e s  of 2 .03 ,  2.60,  and 4.16 a t  t h e  t i p ,  mid, and hub r a d i i .  
The J -2 o x i d i z e r  i n d u c e r  has  co r respond ing  s o l i d i t i e s  o f  1 .82 ,  
2.41,  and 3.86. S i n c e  t h e  t o t a l  head g e n e r a t i o n ,  however, 
must b e  h igh ,  t h i s  means t h a t  t h e  o v e r a l l  v a l u e  of t h e  p a r a m e t e r  
G 
- must b e  h i g h .  C however must b e  k e p t  r e l a t i v e l y  low t o  C~ d  L  
p r e s e r v e  s t a b i l i t y  under  t h e  r e q u i r e d  h i g h  N c o n d i t i o n .  These 
ss 
f a c t o r s  combine t o  make t h e  use  o f  tandem i n d u c e r  rows l f k e l y .  
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- 
To p a r t i a l l y  a l l e v i a t e  t h e  problem of low i n l e t  f l o w  
c o e f f i c i e n t ,  a l a r g e  hub r a t i o  may b e  u s e d ,  As a n  example,  
u s i n g  a 0 . 9 0  hub r a t i o ,  t h e  e f f e c t i v e  i n l e t  f low c o e f f i c i e n t  
a f t e r  t h e  hub w i l l  b e  i n c r e a s e d  from .007 t o  -037 .  Th i s  r e -  
0 duces  t h e  r e q u i r e d  c a s c a d e  s t a g g e r  a n g l e  from 89 361 t o  
87'531. While t h i s  i s  s t i l l  a l a r g e  s t a g g e r  a n g l e  i t  r e p r e -  
s e n t s  a s i g n i f i c a n t  improvement when r e f e r r e d  t o  t h e  l i m i t  o f  
90'. 
When a l l  o f  t h e  above f a c t o r s  a r e  c o n s i d e r e d ,  t h e  
i n d u c e r  has  a l a r g e  hub r a t i o  w i t h  low s o l i d i t y  (compared t o  
c o n v e n t i o n a l  i n d u c e r s  ) and s e v e r a l  tandem rows.  The f i r s t  
rows w i l l  undoub tab ly  b e  s u p e r c a v i t a t i n g  w i t h  l e s s  and l e s s  
c a v i t a t i o n  as t h e  head r i s e s  p r o g r e s s i v e l y  t h r o u g h  t h e  i n d u c e r  
s t a g e s .  The r e s u l t i n g  i n d u c e r  looks  v e r y  much l i k e  a compressor  
w i t h  s u p e r c a v i t a t i n g  b l a d e  s e c t i o n s .  F o r  s u c h  a d e v i c e ,  s u p e r -  
c a v i t a t i n g  and p a r t i a l l y  c a v i t a t i n g  c a s c a d e  c h a r a c t e r i s t i c s  
such  as have  been  i n v e s t i g a t e d  i n  t h e  p r e s e n t  s t u d y  a r e  r e q u i r e d .  
A s  d i s c u s s e d  i n  s e c t i o n  4 . 1 ,  F i g u r e  23 p r e s e n t s  t h o s e  
combina t ions  o f  p r o t o t y p e  LOX and LH2 i n d u c e r s  h a v i n g  combin- 
a t i o n s  o f  r o t a t i o n a l  speed  and d i a m e t e r  which a r e  s t r u c t u r a l l y  
c o m p a t i b l e  w i t h  t h e  f i v e  t e r m  cambered two b l a d e d  model d e s i g n e d  
f o r  Phase  I11 t e s t s .  F o r  r e f e r e n c e ,  t h e  p r e s e n t  S a t u r n  V 
i n d u c e r s  were i n c l u d e d  i n  t h i s  f i g u r e .  I n  a d d i t i o n ,  t h r e e  
p o i n t s  were a l s o  i n c l u d e d  f o r  " c o n j e c t u r e d "  s h u t t l e  v e h i c l e  
i n d u c e r s .  These a r e  f o r  t h e  i n d u c e r s  of  t h e  p r e s e n t  Appendix 
which have j u s t  been  d i s c u s s e d ,  
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I t  i s  a p p a r e n t  from F i g u r e  23, t h a t  t h e  c o n j e c t u r e d  
s h u t t l e  LOX and LH, low speed i n d u c e r s  a r e  q u i t e  compat ib le  
w i t h  t h e  model when a 50,000 p s i  p r o t o t y p e  s t r e s s  i s  assumed. 
This  i s  a l s o  t r u e  f o r  t h e  J - 2  and F-1 i n d u c e r s  p r e s e n t e d .  
The h i g h  t i p  speed  of  t h e  c o n j e c t u r e d  LOX and LH, h i g h  speed  
i n d u c e r s  f o r  t h e  s h u t t l e ,  however, r e s u l t  i n  s c a l e d  s t r e s s e s  
f a r  i n  excess  of t h e  l i m i t s  f o r  t h e  p r e s e n t  models .  I n  o r d e r  
f o r  s t r u c t u r a l  c o m p a t i b i l i t y  t o  e x i s t ,  t h e  p r o t o t y p e  a l l o w a b l e  
d e s i g n  s t r e s s e s  would have  t o  b e  i n c r e a s e d  t o  230,000 p s i  f o r  
t h e  LH, H . S . I .  and 415,000 p s i  f o r  t h e  LOX H.S . I .  S e v e r e  
s t r u c t u r a l  problems a r e  t h u s  i n d i c a t e d  a t  t h e s e  h igh  t i p  s p e e d s .  
The problem of  c a v i t a t i o n  damage t o  t h e  b l a d e s  and 
c a s i n g  becomes v e r y  s e r i o u s  when t h e  proposed 30-100 m i s s i o n  
r e q u i r e m e n t  f o r  t h e  s h u t t l e  components i s  c o n s i d e r e d .  Damage 
s u f f e r e d  d u r i n g  model t e s t s  i s  d i s c u s s e d  i n  s e c t i o n  4 . 3 . 6  and 
i l l u s t r a t e d  i n  F i g u r e s  55,. 56, and 57 .  
P r e s e n t  i n d i c a t i o n s  a r e  t h a t  c a v i t a t i o n  damage s c a l e s  
r o u g h l y  as t h e  6 t h  power of  t h e  a b s o l u t e  f l u i d  v e l o c i t i e s .  
The h i g h  speed  i n d u c e r s  b e i n g  c o n s i d e r e d  have  t i p  speeds  on 
t h e  o r d e r  of  2440 f p s  . The p r e s e n t  S a t u r n  V i n d u c e r s  have  
t i p  speeds  which v a r y  from 870 f p s  f o r  t h e  J-2 f u e l  i n d u c e r  
t o  3 9 1  f p s  f o r  t h e  F-1 o x i d i z e r  i n d u c e r  and 259 f p s  f o r  t h e  
J - 2  o x i d i z e r  i n d u c e r ,  Thus t h e  new t i p  speeds  a r e  from 2.8 
t o  9 . 4  t imes  t h e  p r e s e n t  v a l u e s ,  This  cou ld  t h u s  r e s u l t  i n  
damage r a t e s  of  150 t o  70 ,000 t imes  a s  g r e a t .  L i t t l e  b a s i c  
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c a v i t a t i o n  damage r e s e a r c h  has been conducted i n  cryogenic  
f l u i d s ,  however, and t h e  e f f e c t  of t empera ture  i s  known t o  
b e  a s i g n i f i c a n t  f a c t o r  i n f l u e n c i n g  damage r a t e  as i s  ambient 
s t a t i c  p r e s s u r e ,  f l u i d  and m a t e r i a l  p r o p e r t i e s .  Some r e -  
s e a r c h  i n t o  t h i s  f i e l d  w i l l  a lmost  c e r t a i n l y  be r e q u i r e d  t o  
p rov ide  guidance i n  t h e  des ign  of i nduce r s  such a s  t h e  ones 
p r e s e n t l y  under d i s c u s s i o n .  
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REFERENCES 
Dai ly ,  J .  W . ,  "Theory of  ~ u r b o m a c h i n e r ~ ,  " Chapter 8 i n  
Engineer ing Hydraul ics ,  H.  Rouse, Ed.,   wile^, 1961. 
Ross, C .  C and Banerian,  G . ,  "Some Aspects  of  High S u c t i o n  
S p e c i f i c  Speed Pump Inducers ,  I '  T r ansac t ions  ASME, Vol. 78, 
Number 8, 1956. 
P inke l ,  I .  I . ,  e t  a l . ,  "conference  on S e l e c t e d  Technology 
f o r  t h e  Petroleum Indus t ry ,  " NASA SP-5053, Chapter  6, Pump 
Technology, December 1965. 
Acosta, A .  J . ,  " ~ n  Experimental  Study of C a v i t a t i n g  I n -  
ducers ,  " Trans .  2nd Symp. on Naval Hydrodynamics, ONR 
P u b l i c a t i o n  ACR-38,  1958. 
Hartmann, M .  J . ,  and S o l t i s ,  R .  F . ,  "Observat ions  o f  
C a v i t a t i o n  i n  a Low Hub-Tip R a t i o  Axial. Flow Pump, I '  ASME 
Paper No. 60 -~yd-14 ,  March 1960. 
I u r a ,  T . ,  Discuss ion  of Ref .  4 by Acosta,  Trans .  2nd Symp. 
on Naval Hydrodynamics, ONR Pub. ACR-38, 1958. 
S o l t i s ,  R .  F . ,  "Some Visua l  Observat ions  of  C a v i t a t i o n  i n  
Ro ta t i ng  Machinery, " NASA TN D-2681, J u l y  1965. 
Crouse, James E, and Sandercock, Donald M . ,   lade-Element 
Performance of Two Stage  Axia l  Flow Pump wi th  Tandem Row 
I n l e t  S t age ,  I' NASA TN D-3962, May 1967. 
Sandercock, D .  M . ,  and Crouse, J .  E. ,  " ~ e s i g n  and Ove ra l l  
Performance of a Two-Stage Axial-Flow Pump wi th  a Tandem- 
Row I n l e t  S t age , "  NASA TN D-2879, March 1965. 
S o l t i s ,  R .  F . ,  Urasek, D .  C . ,  and M i l l e r ,  M .  J . ,   lade- 
Element Performance of a Tandem-Bladed Inducer  Tes ted  i n  
Water, " NASA TN D-5562, November 1969, 
HYDRONAUTICS, Inco rpo ra t ed  
S o l t i s ,  R .  F . ,  Urasek, D.  C . ,  and M i l l e r ,  M .  J . ,  " ~ v e r a l l  
Performance of a  Tandem-Bladed Inducer  Tes ted  i n  wa te r , "  
NASA TN D-5134, May 1969. 
Eisenberg,  P. and Tu l in ,  M .  P . ,  " ~ a v i t a t i o n " ,  Chap. 1 2  i n  
Handbook of  F l u i d  Dynamics, V,  L. S t r e e t e r ,  Ed. McGraw-Hill, 
1961. 
S t r i p l i n g ,  L. B., and Acosta, A .  J,, " C a v i t a t i o n  i n  Turbo- 
Pumps, P a r t  I, " ASME Hydraul ics  D iv i s ion  Paper No. 61-WA-112, 
November 1961. 
Acosta, A .  J . ,  and Hollander,  A . ,  "Remarks on C a v i t a t i o n  
i n  Turbomachines, I '  C I T  Repor t  79.3 , October 1959. 
Wade, R .  B., and Acosta, A ,  J . ,  " ~ n v e s t i g a t i o n  of Super-  
c a v i t a t i n g  Cascades," ASME Journ .  Basic  Engr. Paper 
66-w~/FE-25, December 1967, 
Yeh, H . ,  "An Actua tor  Disc  Analysis  o f  I n l e t  D i s t o r t i o n  
and Ro ta t i ng  S t a l l  i n  Axial-Flow ~urbomach ines ,  " Jou rna l  
of t h e  Aeronau t i ca l  Sc iences ,  Vol. 26, No. 11, 1959. 
Auslaender, J . ,   h he L inea r i zed  Theory f o r  S u p e r c a v i t a t i n g  
Hydrofo i l s  Operat ing a t  High Speeds Near a  F r e e  Sur face ,  " 
HYDRONAUTICS, Incor3pora t e d  Technica l  Report  001-5, June 
1961. 
Y i m ,  B.,  "Supe rcav i t a t i ng  Cascades w i th  Constant  P re s su re  
Cambered Blades,  " HYDRONAUTICS, Inco rpo ra t ed  Technica l  Re- 
p o r t  703-2, J u l y  1967 (NASA CR-90426)~  
Y i m ,  B., "The Higher Order Theory of  S u p e r c a v i t a t i n g  
Cascades wi th  Constant  P re s su re  Cambered ~ l a d e s ,  " HYDRO- 
NAUTICS, Incorpora ted  Technica l  Report  703-3, October 1967. 
(NASA CR-91444). 
Emery, James C., Herr ig ,  L, Joseph, Erwin, John R . ,  and 
F e l i x ,  A ,  Richard,  "Systemat ic  Two-Dimensional Cascade 
T e s t s  of NACA 65 - S e r i e s  Compressor Blades a t  Llow Speeds ,"  
NACA Report  1368, 1958. 

HYDRONAUTICS, I n c o r p o r a t e d  
Acos ta ,  A .  J,, " ~ a v i t a t i n g  Flow P a s t  a  Cascade o f  C i r c u l a r  
Arc Hydrofoi  l s ,  I '  C a l i f o r n i a  I n s t ,  of Tech. ,  Repor t  No. 
E-79-2, March 1960, 
B e t z ,  A , ,  and P e t e r s o h n ,  E.,  " A p p l i c a t i o n  of t h e  Theory of 
F ~ e e  J e t s ,  " NACA TN 667, A p r i l  1932, 
11 Hsu, C .  C ,  , S u p e r c a v i t a t i n g  L i f t i n g  Hydrofoi l s - -Second 
Order  Theory, I '  HYDRONAUTICS , I n c o r p o r a t e d  T e c h n i c a l  Re- 
p o r t  121-6, March 1966,  
C o n t r a c t o r ,  D o  N . ,  and E t t e r ,  R .  J . ,  "An I n v e s t i g a t i o n  of 
Tandem Row High Head Pump I n d u c e r s ,  I n t e r i m  Repor t -Phase  I ,  I '  
HYDRONAUTICS, I n c o r p o r a t e d  T e c h n i c a l  Repor t  703-4, May 1969- 
P e a r s a l l ,  J ,  S . ,   he Use o f  P o t e n t i a l  Flow Methods i n  De- 
s i g n i n g  C a v i t a t i n g  Pumps," i n  1968 ASME C a v i t a t i o n  Forum, 
ASME F l u i d s  Eng ineer ing  Conf , ,  May 6, 7 ,  1968, P h i l a d e l p h i a ,  
P e n n s y l v a n i a .  
Hsu, C ,  C . ,  "On Flow P a s t  a Cascade of P a r t i a l l y  C a v i t a t i n g  
Cambered ~ l a d e s ,  " HYDRONAUTICS, I n c o r p o r a t e d  T e c h n i c a l  Re- 
p o r t  703-6, March 1969, 
Wade, R ,  B e ,  "Flow P a s t  a P a r t i a l l y  C a v i t a t i n g  Cascade of 
F l a t  P l a t e  H y d r o f o i l s ,  Calf  f o r n i a  I n s t i t u t e  of Technology 
Eng ineer ing  Repor t  No, 79-49 1963. 
Uni ted  A i r c r a f t  Research L a b o r a t o r i e s  Repor t  ~ 9 1 0 2 5 4 - 5 0  
" ~ y s t e m a t i c  Two Dimensional  Cascade T e s t s  of Double C i r -  
cu la r -Arc  H y d r o f o i l s ,  I '  1968,  
Lewis, George W., e t  a l , ,  " C a v i t a t i o n  Performance o f  a n  
83' H e l i c a l  i n d u c e r  Operated i n  L iqu id  Hydrogen, " NASA 
TM X - 4 1 9 ,  March 1961, 
11 S o l t i s ,  Rfchard F , ,  e t  a l , ,  I n v e s t i g a t i o n  of  t h e  P e r -  
formance of  a  7q0 F l a t  P l a t e  H e l i c a l  I n d u c e r ,  " NASA TN 
D - 1 1 7 O J  March 1962,  
HYDRONAUTICS, Incorpora ted  
41. Montgomery, J .  C . ,  " A n a l y t i c a l  Performance C h a r a c t e r i s t i c s  
and O u t l e t  Flow Condi t ions  o f  Constant  and V a r i a b l e  Lead 
H e l i c a l  Inducers  f o r  Cyrogenic Pumps, " NASA TN D-583, 
March 1961. 
42. E t t e r ,  R .  J .  and Van Dyke, P . ,  "Three Dimensional Flow 
F i e l d  from a  Rad ia l  Vortex Fi lament  i n  a  C y l i n d r i c a l  
Annulus, " HYDRONAUTICS, Inco rpo ra t ed  Technica l  Repor t  703-7, 
December 1969. (NASA CR-102560). 
43. McMahon, J . ,  "On t h e  Roots of  t h e  Bessel  and C e r t a i n  Re- 
l a t e d  Func t ions ,  " Annals o f  Math. Vol. 9, No. 1, pp 29, 
1894. 
4 4 .  Titanium Metals  Corp. o f  America, "Titanium Engineer ing 
B u l l e t i n  No. 1 - P r o p e r t i e s  of ~ i - 6 A j - 4 ~ , "  New York, 
February 1965. 
45. s c o t t ,  R U S S ~ ~ ~ ,  B., Cyrogenic Engineering,  D .  Van Nostrand 
Company, Pr ince ton ,  N .  J . ,  1959. 
46. L i e b l e i n ,  S . ,  Schwenk, F. C . ,  and Broderick,  R .  L. ,  "Dif- 
f u s i o n  F a c t o r  f o r  Es t imat ing  Losses and Limi t ing  Blade 
Loadings i n  Axial-Flow-Compressor Blade Elements,"  NACA 
RM E53D01, June 1953. 
47. Tul in ,  Marshal l  P . ,  "Supe rcav i t a t i ng  P r o p e l l e r s  - His to ry ,  
Operat ing C h a r a c t e r i s t i c s ,  Mechanism of Operat ion,  " 4 t h  
Symposium on Naval Hydrodynamics, ONR P u b l i c a t i o n  ACR-92, 
1962. 
48. "Aerodynamic Design of Axial-Flow Compressors," Volumes I, 
I1 and 111, NACA RME56~03, August 1956. 
49. Acosta, A .  J . ,  and Wade R .  B.,  "Experimental  S t u d i e s  of  
C a v i t a t i n g  Hydrofoi ls  i n  cascade,  " C I T  Report ,  February 
1968. 
50. Wood, G .  M , " v i s u a l  C a v i t a t i o n  Studi-es of  Mixed Flow 
Pump I m p e l l e r s , "  ASME Paper No. 62-Hgd-12, 1962. 
HYDRONAUTICS, Inco rpo ra t ed  
Wisl icenus ,  F ,  G .  , "F lu id  Mechanics of  Turbomachinery, I' 
Volumes I and 11, Dover Pub l i ca t i ons ,  New York, 1965. 
S tepanof f ,  A .  J, , " C e n t r i f u g a l  and Axial  Flow Pumps, " 
2nd Ed. John Wiley and Sons, N. Y . ,  1967. 
Rale igh,  Lord "On t h e  P re s su re  Developed i n  a  Liquid  
During t h e  Col lapse  o f  a  S p h e r i c a l  Cavi ty ,  Ph i lo soph ica l  
Mag., Vol,  34, 1917. 
Thiruvengadam, A .  and P r e i s e r ,  H. S ,  , "On T e s t i n g  M a t e r i a l s  
f o r  C a v i t a t i o n  Damage, " HYDRONAUTICS, Inco rpo ra t ed  Technica l  
Report  233-3, December, 1963. 
Thiruvengadam, A ,  and Waring, S . ,  "Mechanical P r o p e r t i e s  
of Metals  and The i r  Res i s t ance  f o r  C a v i t a t i o n   ama age," 
HYDRONAUTICS, Incorpora ted  Technica l  Report  233-5, June 
1964. 
Eisenberg,  P . ,  P r e i s e r ,  H. and Thiruvengadam, A . ,  "on t h e  
Mechanisms of  C a v i t a t i o n  Damage and Methods of ~ r o t e c t i o n ,  "
SNAME Transac t ions  Vol 73, 1965. 
Thiruvengadam, A.,  he Concept o f  Erosion S t r e n g t h , "  
I-NDRONAUTICS, Incorpora ted  Technical  Report  233-9, December 
1965. 
Thiruvengadam, A , ,  "On Modelling C a v i t a t i o n  Damage, " 
HYDRONAUTICS, Inco rpo ra t ed  Technical  Report  233-lo9 August 
1966. 
Thiruvengadam, A . ,  "Theory of Erosion,  I '  HYDRONAUTICS, In -  
corpora ted  Technica l  Report  233-11, March 1967. 
Eisenberg,  P . ,  " C a v i t a t i o n  and Impact Erosion Concepts, 
C o r r e l a t i o n s ,  Cont rovers ies , "  Symposium on C h a r a c t e r i z a t i o n  
and Determinat ion of Erosion Res i s tance ,  ASTM Annual 
Meeting, 1969, A t l a n t i c  Ci ty ,  N .  J .  
HYDRBNAUTICS,  INCORPORATED 
FLOW COEFFICIENT, 'Po 
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FIGURE 2 - INFLUENCE OF HUB/ DIAMETER RATIO A N D  FLOW 
COEFFICIENT ON SUCTION SPECIFIC SPEED AT Q,= 0.01 0. 
HYDWONAUTICS, INCORPORATED 
FIGURE 3 - TEST SECTION OF HYDRONAUTICS, INCORPORATED PUMP LOOP 
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FIGURE 4 - OVERALL VIEW OF HYDRONAUTICS, INCORPORATED PUMP LOOP 
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FIGURE 5 - YAW HEAD PROBE AND TRAVERSE STAND. 
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FIGURE 6 - SUMMARY OF PERFORMANCE O F  SUPERCAVITATING FIRST STAGES FOR 
PHASE I INDUCERS AT NEAR DESIGN FLOW COEFFICIENT, %= 0.10 
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FIGURE 7 - TANDEM INDUCER MODEL WITH -6" OVERLAP AND 
O0 OFFSET. FIRST STAGE - 3 BLADES AT 63.5' 
PITCH, SECOND STAGE - 6 BLADES AT 55.8' PITCH. 
HYDRONAblPICS, INCORPORATED 
FIGURE 8 - TANDEM INDUCER PERFORMANCE WITH - 6" OVERLAP, STAGE 1 - 
THREE BLADES 63.5' PITCH; STAGE 2 - 6 BLADES, 55.8' PITCH 
HYDWONAUTICS, INCORPORATED 
FIGURE 9 - TANDEM INDUCER MODEL WITH - 1.5 INCH OVERLAP 
AND 0' OFFSET. FIRST STAGE - 3 BLADES AT 63.5' 
PITCH, SECOND STAGE - b BLADES AT 55.8" PITCH. 
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FIGURE 10 - TANDEM INDUCER PERFORMANCE WITH -1.5" OVERLAP 
STAGE 1 - THREE BLADES, 63.5" PITCH; STAGE 2 - SIX BLADES, 
55.8" PITCH 
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FIGURE 1 1  - DISTRIBUTION OF TOTAL HEAD RISE BETWEEN STAGE 1 AND STAGE 2 
DURING TANDEM TESTS OF PHASE I 
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FIGURE 13 - PRESSURE DISTRIBUTION ON FOUR TYPES OF ISOLATED 
FOIL PROFILES ( AFTER REF (27)  ) 
FIGURE 14 - COMPARISON OF FOIL SHAPES FOR CIRCULAR ARC AND CONSTANT PRESSURE CAMBER 
(AFTER YIM (18)) FOILS IN CASCADE WITH R = 75', c/d = 0.41 0, D /CL = 0.082 
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FIGURE 15 - INFLUENCE OF STAGGER ANGLE O N  LIFT COEFFICIENT FOR 
0.75 SOLIDITY FOR VARIOUS CAMBER TYPES 
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FIGURE 16 - INFLUENCE OF SOLIDITY ONLlFT COEFFICIENT FOR 65' STAGGER ANGLE 
AND VARIOUS CAMBER TYPES 
HVBRONAUTlCS, INCORPORATED 
~p 
FLOW 
FLOW 
FIGURE 17 - FIVE-TERM CAMBERED, TWO BLADED, Fl RST STAGE IMPELLER US1 N G  
LINEAR CHORD LENGTH VARIATION 
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FIGURE 18 - COMPARISON OF LEADING AND TRAILING EDGE PROFILES USED IN 
SATURN V ENGINE INDUCERS TO 5 -TERM CAMBERED MODEL WITH 
CONSTANT CHORD LENGTH 
FIGURE 19 - PHASE I MODEL SHOWING FATIGUE FAILURE AT 
OUTER PORTION OF LEADING EDGE 
FIGURE 20 - SCHEMATIC RADIAL SECTIONS NEAR THE LEADING EDGE 
( a ) FOR A N  INDUCER WITH RADIAL LEADING EDGE AND 
( b ) FOR A N  INDUCER WITH A SWEPT LEADING EDGE. 
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FIGURE 21 - STAGE 1, TWO-BLADED, SECOND ORDER DESIGN USING FIVE-TERM 
CAMBERED SECTIONS AND CONSTANT CHORD LENGTH 
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FIGURE 22 - STAGE ONE OF A TANDEM ROW INDUCER USING 
FIVE-TERM CAMBERED SUPERCAVI TAT1 N G  SECT1 ON S 
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FIGURE 23 - STRUCTURAL COMPATIBILITY OF PHASE Ill FIRST STAGE MODEL HAVING 
FIVE -TERM CAMBER WlTH PROTOTYPE INDUCERS OPERATING IN 
LHZ AND LOX. ASSUMING 50,000 P S I  PROTOTYPE WORKING STRESS. 
AXIAL FLOW I 
24 - SECOND STAGE W0 DIMENSIONAL BLADE PROFILES AT THREE MD,~. 
( FOUR BLADES, 0.70 HUB ) 
I SECOND STAGE I TRANSITION REGION 1 FIRST STAGE I ( SUBCAVITATI N G ) ( SUBCAVITATI N G ) 
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FIGURE 25 - THE TWO-BLADED FIVE - TERM CAMBERED FIRST STAGE IN TANDEM WITH 
A FOUR BLADED SUBCAVITATI N G  SECOND STAGE HAVING A 0.7 HUB RATIO 
TWO - BLADED, FIVE - TERM CAMBERED 
FIRST STAGE IMPELLER - 4000 RPM 
SUCTION SPECIFIC SPEED, N = ~*/NPSH 3/4 IN THOUSANDS 
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FIGURE 26 - HEAD COEFFICIENT AS A FUNCTION OF SUCTION SPECIFIC SPEED 
FOR A TWO -BLADED, FIVE - TERM CAMBERED FIRST STAGE IMPELLER 
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FIGURE 27 - TYPICAL RADIAL VARIATION OF AXIAL FLOW VELOCITY 
AND TOTAL HEAD 
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FIGURE 28 - PHOTOGRAPH OF CAVITATING OPERATION WITH mo= 0.1 0, k / c  = 2.40, 
$=: 0.055, AND N = 20,500. 
ss 
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FIGURE 29 - PHOTOGRAPH OF CAVlTATlNG 0PEP.ATION AT SAME 
CONDITIONS AS IN FIGURE 28 
FIGURE 30 - PHOTOGRAPH OF CAVITATI NG OPERATION WITH Q ~ =  0.1 0, a / c  = 2.75 
$ = 0.036, AND N = 25,700. 
SS 
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FIGURE 31 -- PHOTOGRAPH OF CAVITATING OPERATION WITH $= 0.09, A/c = 3.10, 
$= 0.030, AND N = 28,500. 
SS 
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FIGURE 32 - EFFECT OF NPSH O N  HEAD COEFFICIENT FOR A TWO- BLADED 
FIVE - TERM CAMBERED FIRST STAGE IMPELLER 
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FIGURE 33 - HEAD COEFFICIENT AS A FUNCTION O F  FLOW COEFFICIENT FOR A 
TWO-BLADED FIVE-TERM CAMBERED FIRST STAGE IMPELLER 
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FIGURE 34 - THREE- BLADED FIVE-TERM CAMBERED FIRST STAGE INDUCER 
SUCTION SPEC1 FIC SPEED, Nss = n f l /  N P S H ~ ' ~  IN THOUSANDS 
FIGURE 35 - HEAD COEFFICIENT AS A FUNCTION OF SUCTION SPECIFIC SPEED FOR 
A THREE-BLADED, FIVE-TERM CAMBERED FIRST STAGE IMPELLER 
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FIGURE 36 - EFFECT OF NPSH O N  HEAD COEFFICIENT FOR THE THREE-BLADED, 
FIVE-TERM CAMBERED FIRST STAGE IMPELLER. 
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FLOW COEFFICIENT, 'Po = V t  / Ut  
FIGURE 37 - HEAD COEFFICIENT AS A FUNCTION OF FLOW COEFFICIENT FOR A 
THREE-BLADED, FIVE-TERM CAMBERED FIRST STAGE IMPELLER. 
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FIGURE 38 - EFFECT OF NPSH A N D  HEAD COEFFICIENT O N  HYDRAULIC EFFICIENCY 
FOR A TWO-BLADED, FIVE-TERM CAMBERED FIRST STAGE IMPELLER 
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FIGURE 39 - EFFECT OF NPSH AND HEAD COEFFICIENT O N  HYDRAULIC EFFICIENCY FOR A 
THREE-BLADED, FIVE-TERM CAMBERED FIRST STAGE IMPELLER 
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FIGURE 40 - INFLUENCE OF Po AND NSS O N  TYPICAL AXlAL OUTLET VELOCITY PROFILES 
FOR THE TWO AND THREE BLADED, FIVE-TERM CAMBERED FIRST STAGE INDUCERS 
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TOTAL HEAD IN FEET 
FIGURE 41 - TYPICAL RADIAL VARIATION OF INLET AND OUTLET TOTAL HEAD FOR 
THE TWO-BLADED AND THREE-BLADED FIVE-TERM CAMBERED FIRST STAGE 
INDUCERS AT cPo = 0.090 
( a ) TWO-BLADED FIVE-TERM CAMBERED 
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FIGURE 42 - MID-SPAN LIFT COEFFICIENT A N D  RATIO OF  LIFT COEFFICIENT 
TO CAVITATION NUMBER AS A FUNCTION O F  CHORD LINE 
ANGLE OF  ATTACK FOR THE TWO-BLADED, FIVE-TERM 
CAMBERED MODEL 
( a ) THREE-BLADED FIVE-TERM CAMBERED 
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FIGURE 43- MID-SPAN LlFT COEFFICIENT A N D  RATIO O F  LlFT COEFFICIENT 
TO CAVITATION NUMBER AS A FUNCTION O F  CHORD L lNE  
ANGLE O F  ATTACK FOR THE THREE BLADED, FIVE TERM CAMBERED 
MODEL 
HVBR(aNAUTICS, INCORPORATED 
@ FULLY SUPERCAVITATI N G  
0 NEARLY FULLY SUPERCAVITATING 
FULLY SUPERCAVITATING WITH 
SEVERE FACE CAVITATION 
I- 1 s t  ORDER THEORY 1 
0 
APPROX . 2 nd ORDER - -Q%- e 
-1, - 
--- 
-, 
THEORETICAL a --- - -+ 
RANGE: 0.0230 - 0.0260 -9c ---. -- 
--. 
OVER FREE SURFACE 
ANALOGY, a = 0 ( REF. 47 ) 
CHORD LINE OF ATTACK, a 
O chord 
FIGURE 44 - COMPARISON OF TWO-DIMENSIONAL LINEARIZED THEORY ( REF. 28) TO 
EXPERIMENTALLY MEASURED LIFT AND ANGLE OF ATTACK AT MID-SPAN 
FOR THE TWO-BLADED, FIVE-TERM CAMBERED FIRST STAGE MODEL CON-  
SIDERING ONLY DATA AT OR VERY NEAR FULLY SUPERCAVITATING 
OPERATION. 
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FIGURE 45 - COMPARISON OF TWO-DIMENSIONAL LINEARIZED THEORY ( REF. 28) TO 
EXPERIMENTALLY MEASURED CL /U AT MID-SPAN FOR THE TWO-BLADED, FIVE 
TERM CAMBERED FIRST STAGE CONSIDERING ONLY DATA AT OR VERY NEAR 
FULLY SUPERCAVITATING OPERATION 
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FIGURE 46 - COMPARISON OF TWO-DIMENSIONAL LINEARIZED THEORY ( REF. 28) TO 
EXPERIMENTALLY MEASURED LIFT AND ANGLE OF ATTACK AT MID- SPAN FOR 
FOR THE THREE- BLADED, FIVE-TERM CAMBERED FIRST STAGE CONSIDERING 
ONLY DATA AT OR NEAR FULLY SUPERCAVITATI N G  OPERATION. 
HYDRCSNAUTICS, INCORPORATED 
@ FULLY SUPERCAVITATING 
0 NEARLY FULLY SUPERCAVITATING 
FULLY SUPERCAVITATING WITH 
SEVERE FACE CAVITATION 
I 1 s t  ORDER THEORY 
APPROX. 2ndORDER \ ., 
- 
' \  
' --+- r 
CHORD LINE ANGLE OF ATTACK, a o 
chord 
FIGURE 47- COMPARISON OF TWO-DIMENSIONAL LINEARIZED THEORY ( REF.  28) TO 
EXPERIMENTALLY MEASURED CL /rr AT MID-SPAN FOR THE THREE-BLADED, 
FIVE-TERM CAMBERED FIRST STAGE CONSIDERING ONLY DATA AT OR NEAR 
FULLY SUPERCAVITATI N G  OPERATION. 
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FIGURE 48 - TYPICAL PLOTS FOR THE DETERMINATION OF THE PARTIAL DERIVATIVES M AND 
N REQUIRED I N  THE YEH ( 16) STABILITY ANALYSIS FROM THE DATA FOR A FIRST 
STAGE INDUCER . 
HF(BROtdAYTICS, INCORPORATED 
0.16 
TWO-BLADED, FIVE- 
TERM CAMBERED FIRST 0.14 STAGE IMPELLER 
FIGURE 49 - VALUES OF YEH ( 16) STABILITY PARAMETER CALCULATED FROM EXPERIMENTAL 
DATA AT VARIOUS POINTS I N  THE OPERATING REGIME OF THE TWO-BLADED 
FIVE-TERM CAMBERED FIRST STAGE. 
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FIGURE 50 -VALUES OF YEH ( 16) STABILITY PARAMETER CALCULATED FROM EXPERIMENTAL 
DATA AT VARIOUS POINTS I N  THE OPERATING REGIME OF THE THREE-BLADED 
FIVE-TERM CAMBERED FIRST STAGE 
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FIGURE 51 - CAVITY LENGTHS AT WHICH SEVERE INSTABlLlTfES OCCURRED FOR 
THE TWO-BLADED AND THREE-BLADED FIVE-TERM CAMBERED 
SUPERCAVITATING FIRST STAGE MODELS. 
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FIGURE 52 - MEASURED AND SPECULATED VARIATION OF BLADE CAVITY LENGTH AS 
A FUNCTION OF FLOW COEFFICIENT AT CONSTANT NPSH. 
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FIGURE 53 - TYPICAL PRESSURE FLUCTUATIONS AND AMPLITUDES IN THE 
0-1 00 cps RANGE 
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FIGURE 54 - HEAD FLUCTUATIONS AS A PERCENTAGE OF TOTAL HEAD GENERATED 
FOR VARIOUS CAVITY LENGTHS I N  THE "STABLE" OPERATING REGIME 
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Fl  GURE 55 - CAVI.TATION DAMAGE TO THE BACK TRAILING EDGE OF 
A PHASE I CONSTANT PRESSURE CAMBERED MODEL 
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FIGURE 56 - CAVITATION DAMAGE TO THE PLEXIGLAS TEST SECTION 
OF THE PUMP LOOP DURING TESTS OF THE PHASE I 
CONSTANT PRESSURE CAMBERED MODELS. 
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FIGURE 57 - CAVITATION DAMAGE TO THE FACE OF THE PHASE Ill 
TWO-BLADED FIVE-TERM CAMBERED FIRST STAGE 
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